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Abstract
The treatment of patients in outpatient healthcare clinics is continually growing as
technology improves and recovery benefits are recognized. In this thesis, a simulation framework
is developed to model the operational aspects of clinics with the goal of providing a method to
understand the impact of clinic design decisions relative to productivity, efficiency, and quality of
patient care. The healthcare clinic design simulator (HCD-Sim) is designed to study the dynamic
system behavior of clinics and to analyze alternative outpatient healthcare clinic designs.
Additionally, the simulation framework is created using a data-driven structure that can represent
a large class of outpatient healthcare clinics through the specification of clinic data relative to
patient flows, work flows, and resource requirements. To demonstrate capability, the framework
is applied to a representative general clinic to analyze capacity and investigate important resources
that impact the clinic’s performance. Lastly, the framework is applied to a Bone Marrow
Transplant (BMT) clinic application to examine the system and provide design recommendations.
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1 Introduction
Between 2018 and 2022, $187M are estimated to be spent on healthcare construction
projects in United States (Bowman and Strawberry, 2018). This large investment in healthcare
infrastructure provides an opportunity for healthcare planners to rethink how facilities are
designed. This rethinking is a result of evidence-based design, which uses information from
research to guide planning and design decisions (Hamilton, 2003). Strengthening the importance
of design, findings from facility design research identified a link between the design of healthcare
facilities and patient health and quality of care (Rollins, 2004). This large investment and recent
discovery of the importance of careful design provides a unique opportunity for healthcare
planners to develop facilities that can provide better care in a more efficient and effective manner.
Studying and analyzing the operations of healthcare systems is one method to improve the
designs of healthcare facilities. However, the complexity of healthcare environments provides a
challenge in completing accurate analyses. Furthermore, there could be multiple performance
objectives that conflict, such as improving the efficiency of a healthcare system while staying
within a certain budget or reducing costs while keeping staff and equipment utilization high
(Bhattacharjee & Ray, 2014), making the analysis itself complex. This thesis provides a method
to complete these operational analyses using a simulation framework.
There have been several key healthcare trends that are increasing the need for more
carefully planned facilities including: the focus on reduction of cost while increasing quality, the
growing importance of improving patient satisfaction, and the shift in facility use to more
outpatient care (Ulrich, 2001). Poorly designed healthcare facilities cultivate environments that
can cause long patient waits and congestions which can result in increased stress for healthcare
staff. This stress can lead to decreased morale and increased likelihood of staff absences (Rohleder,
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Lewkonia, Bischak, Duffy, & Hendijani, 2011). Addressing issues that arise from poorly designed
facilities can have a great impact on the healthcare system’s performance (Ulrich, 2001).
This thesis was motivated by a problem presented to a bone marrow transplant (BMT)
clinic. The clinic is considering potential relocation to a new space and looking for a method to
determine how they should allocate the new space with the different types of exam, treatment,
work rooms, and staff given their operations and patient demand. Furthermore, they are interested
in identifying the tradeoffs and capacity limitations associated with each design alternative so they
could understand the impact of their design and ultimate aid in their design decisions.
The scope of this thesis is to develop a framework for healthcare clinics to analyze their
system from an operational perspective. The framework is designed to be general enough so that
its use can be broadly applied to many types of clinics but detailed enough to accurately model the
dynamic and complex nature of the clinical work and patient flows. The framework is used as a
tool to help healthcare planners make more informed choices by understanding the impact a
decision has on performance measures of interest. The framework allows for what if analyses to
be conducted so that the informed decisions can be made on configuration choices in a low cost
and low risk environment (Katsaliaki & Mustafee, 2011). Additionally, capacity and system
throughput can be studied and evaluated using the framework.
To demonstrate and explain the process of implementation, the framework is applied to a
general clinic. The general clinic has operations representative of a typical outpatient environment.
To validate the robustness of the methodology, the framework is applied towards multiple general
clinic scenarios with differing patient volumes and patient complexities.
To further demonstrate the validity, the framework is applied to a bone marrow transplant
(BMT) clinic. The BMT clinic is undergoing an operations improvement initiative, so the
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framework is implemented, and experiments conducted to provide recommendations. The greater
value in this framework is the broad applicability to healthcare systems, and the many different
operational challenges they face. This framework aids in increasing the decision makers
understanding, so healthcare planners can make better data-driven decisions.
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2 Problem Statement
As healthcare systems continue to change with evolving technology and medical break
throughs, the achievable performance is directly impacted by the design choices of decision
makers. Ulrich et al (2008) find in their extensive review that patient outcomes were impacted by
the physical design of healthcare facilities. The design includes parameters such as number of
exam rooms, number of medical devices, or variety of treatments that can be performed. Likewise,
if these decisions are not properly studied, the system can have features that limit performance
resulting in the need for frequent system reconfigurations. The decision maker also must consider
the potential future changes that could occur to the facility to avoid designing a system that could
become obsolete.
Given the importance of the decisions confronted by healthcare planners, there is need for
a tool or method that can accurately assess design alternatives. By comparing alternatives,
healthcare decision makers can understand tradeoffs and identify the design parameters that are
most significant. Moreover, the tool should provide a method for decision makers to understand
the impact the design would have on all aspects of the system. This tool should provide the decision
maker a method to identify limitations on a healthcare system, and to also identify the key
parameters that have the most impact on performance. This enhanced understanding will enable
the best design to be identified and the tradeoffs associated with alternatives to be realized before
the development and implementation of the design.
The design of clinics is one area that is becoming more important due to increase in the
popularity of outpatient care centers. Ailments that were commonly treated via inpatient settings
are transitioning to outpatient settings due to significant reduction in costs, increased patient
quality of life, and decreased chance for hospital acquired infections (Vaughn, Buckley, & Walter,
7

2016). For these reasons, healthcare centers are now being designed to consider the new demands
for outpatient treatments. Healthcare facilities must be flexible to accommodate modernization and
the requirements of increased efficiency and functionality (Holst, 2015).

2.1 Research Objectives
The aim of this thesis is to provide a method, in the form of a simulation framework, for
healthcare planners to evaluate their clinic and understand the impact of clinical design elements
on clinic performance measures. For example, how many patients of a certain type a clinic can
handle before it becomes congested, or what is the most important factor in the clinic that impacts
the performance or constrains the system. Likewise, this framework allows healthcare planners to
compare multiple healthcare design alternatives. By understanding the differences in the design
alternatives, healthcare planners can more accurately identify tradeoffs and determine a design that
will enable the system to achieve operational goals. To answer these questions, this thesis
introduces a healthcare clinic design simulator (HCD-Sim) and analysis methodology. HCD-Sim
helps planners evaluate the decisions pertaining to number of resources and allows for a way to
better understand the impact a certain factor has on the facility’s performance. Moreover, this
method will allow planners an opportunity to identify the limits of each design pertaining to
demand and capacity, so that the need to remodel in the future can be mitigated.
The first objective of this thesis is to provide a method to identify the data that is required
to construct a clinical healthcare model. The main emphasis of this approach is on the identification
and mapping of patient sequences throughout the clinic. Patient sequences, or commonly referred
to as patient flows, are the sequence of events that occur for a patient while receiving care. For this
thesis, the scope of the flows is a single clinical visit, or a care episode (Hing & Middleton, 2001).
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The second objective of this thesis is to develop a simulation framework for the modeling
of a healthcare clinic. The framework is designed to provide a method to evaluate clinic operational
decisions, by comparing output performance metrics such as resource utilizations, patient wait
times, and total patient treatment times. The framework is developed by utilizing techniques that
allow for the method to be scalable. The motivation behind this approach is to allow for a more
generalizable model. The aim of this thesis is for the framework, or the modeling techniques, to
be applicable to other healthcare applications. There is a lack of reuse or generalizable modeling
concepts in the literature for the development of healthcare models (Günal & Pidd, 2010). This
framework attempts to fill that void by developing a generalizable model for healthcare clinics.
The third objective of this thesis is to conduct experimentation with the simulation
framework to evaluate the capacity of different design alternatives. Using various scenarios of
resource levels, these experiments analyze the performance of a general clinic. The general clinic
is based on the operations of a typical outpatient environment. Multiple clinic design alternatives
are tested to identify the limiting factors of the clinic. Such information can help a clinic prioritize
and identify the factors that are constraining the clinic and causing poor performance (long wait
times, under/over utilized resources, etc.). Additionally, experiments are conducted to find the
demand limits of each alternative design. These limits allow planners and managers to understand
the practical limitations for each alternative so growth strategies and future demands can be
factored into the decision making.
The last objective of this thesis is to apply the method to actual data from a BMT clinic.
The BMT clinic is being relocated to a new physical space and is interested in evaluating the
capacity limits of alternative clinic designs and staffing policies. To answer these, a BMT clinic
model is developed utilizing HCD-Sim. The patient flows are mapped, and corresponding data
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collected for the BMT clinic. An analysis is completed to validate that the simulated clinic
functions like the actual BMT clinic. Lastly, experimentation is conducted to identify the capacity
limits and tradeoffs of design alternatives and staffing policies. The results are used to provide
design recommendations.
While this thesis is primarily focused on answering the questions of how to design an
outpatient clinic and how to identify the critical design parameters (such as number of resources)
that affect clinical performance, the methods presented can provide value to other operational
questions and settings. By understanding how design parameters impact performance, what-if
analyses can be completed to help develop more carefully planned facilities. Moreover, the
alternatives can be tested under varying conditions to determine the robustness of the designs.
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3 Literature Review
This section reviews how healthcare systems have been analyzed in the past. Frequently
studied areas are analyses of capacity and patient flow improvement. Simulation is a common tool
used to examine these areas. The current work in capacity analysis and patient flow improvement
using simulation is discussed and key findings explained. This review also provides a high-level
summary of the BMT process and clinic. The key features that differentiates a BMT clinic from a
typical clinic are discussed.

3.1 Modeling of Healthcare Systems
A common method to analyze healthcare systems is discrete event simulation (DES). DES
is capable of modeling complex systems, making DES advantageous to use when analyzing
healthcare systems (Hong, Shang, Arumugam, & Yusuff, 2013). A DES model allows for an
increased understanding of how a system operates and functions through the development and
mapping of key processes. A better understanding helps to identify inefficiencies or helps to
answer key questions. DES is commonly used to study patient flows improvements and complete
capacity analyses of healthcare systems with the goal of providing data for decision making.
However, a limitation of DES compared to other analysis methods is the time required to develop
representative models. This challenge is a tradeoff between modeling development time and model
accuracy. While the most accurate models are desired for useful results, if the time required to
develop is so long, then the model may become outdated before results can be gathered.
Furthermore, DES is a technique that provides the opportunity to perform other types of
analyses. Two areas of study that are commonly used with DES are capacity analysis, and patient
flow analysis. The uses of DES with capacity analysis and patient flow analysis are discussed in
this section.
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3.1.1 Capacity Analysis
One focus in the research of healthcare systems is capacity. Investigating the capacity of
systems provides helpful information on the demand limits of system and can be used to compare
alternative resource allocations, and improve operations (Mahdavi, Malmström, van de Klundert,
Elkhuizen, & Vissers, 2013). Additionally, capacity studies plan capacity and resource utilizations
ensuring a systems resource configuration can achieve a desired performance. Simulation is used
extensively for capacity analysis because of the opportunity simulation provides to replicate and
evaluate a system in a low cost and low risk environment (Katsaliaki & Mustafee, 2011). This
environment enables improvement ideas to be tested and for healthcare system parameters
(resources, staff, arrival rate, etc.) to be examined with the goal of overcoming operational
challenges like bottlenecks, excessive patient wait time, and low staff utilization (Katsaliaki &
Mustafee, 2011).
In their comprehensive review of capacity and performance of healthcare services, Jack
and Powers (2009) find the literature addresses issues related to matching fluctuating demand to
scarce resources. The consequences for failing to appropriately match the patients demand to the
scarce resources is severe, which further emphasizes the importance and value of capacity studies.
In healthcare, the capacity decisions that must be addressed are associated with how to allocate
scarce resources to handle demand. These decisions impose physical constraints on the quantity of
care that can be delivered and impact the mix of patients the system can treat (Smith‐Daniels,
Schweikhart, & Smith‐Daniels, 1988).
Simulation capacity studies are widely used in all aspects of healthcare. Romero et al.
(2013) investigate a skin cancer treatment center to identify the main factors that impact the
implementation of a one-stop-shop process redesign. Amladi (1984) studies an outpatient facility
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to determine the size of a new surgical center by considering wait time reductions and cost
efficiency. Moreover, capacity studies are performed in emergency departments to reduce patient
length of stay (Oh et al., 2016), physical therapy clinics to identify best patient mix for each
treatment room while minimizing patient length of stay (Rau et al., 2013), hospital environments
to estimate bed requirements (Harper & Shahani, 2002), and to identify improvement opportunities
by evaluating the design of outpatient orthopedic clinics (Baril, Gascon, & Cartier, 2014). A key
finding is the application specific nature of these studies. Studies seldom build upon other models,
and rather start from scratch (Günal & Pidd, 2010).
3.1.2 Patient Flow Modeling
Another aspect of healthcare systems that is frequently studied is how patients flow through
the system. By understanding the patient flows, a basis can be established to provide a current state
for measuring the impact of improvement ideas on the healthcare systems performance (Marshall,
Vasilakis, & El-Darzi, 2005). Moreover, the efficient movement of patients has a direct positive
relationship with quality of care and operational performance achieved. This efficient movement
is critical because the probability of a desired heath outcome is enhanced if a patient can be
diagnosed in a timely manner (McLaughlin and Hays, 2008). As described by Bhattacharjee and
Ray, “Patient Flow refers to the movement of patients through the whole process of care,”
(Bhattacharjee & Ray, 2014). From this description, the flow of patients is divided into two types,
operational and clinical. Clinical flow is the flow of patients from a clinical or medical perspective,
representing the “progression of a patient’s health status,” (Cote, 2000). While operational patient
flow is the movement of patients between locations in a healthcare facility. Operational patient
flow is largely impacted by appropriate resource and capacity planning because patient flow is
effectively the demand imposed on a healthcare system (Cote, 2000).
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Decision makers are interested in studying operational patient flow because of the
improvement opportunities that exist. Compared to the clinical patient flow, which is often
medically defined, operational patient flow aspects may be more easily changed, granted it does
not impact the clinical aspects. For example, the way a patient was treated from an operational
perspective may no longer be the most efficient, and improvement opportunities may exist for the
patient or clinic if the operational aspects are studied. The aspects that are being analyzed in
operational patient flow include identifying patient value-added activities versus non-value-added
activities, with the goal of reducing the non-value-added activities. Likewise, isolating and
removing repeat activities that do not provide value to the patient and discovering if certain
activities can be completed in parallel are changes to the operational patient flow that be beneficial
to the patient and clinic (McLaughlin and Hays, 2008).
Modeling and mapping patient flows that occur in healthcare systems can provide an
opportunity to analyze the way a patient receives care. By understanding the processes that provide
patient care, improvements can be identified in the operational aspects of the clinic with the goal
of reducing the number of non-value-added activities. The factors of a healthcare system that
impact the performance the most can be identified with patient flow modeling (Swisher, Jacobson,
Jun, & Balci, 2001). This knowledge can help to drive improvements that will avoid unintended
consequences. Patient flow analysis can additionally be used to help allocate resources effectively
to promote improved utilization, considering the inherent variability in the system (De Bruin, Van
Rossum, Visser, & Koole, 2007). Moreover, alternative patient routings within the system can be
explored to determine if improvements in performance exist by altering the current routing paths
(El‐Darzi, Vasilakis, Chaussalet, & Millard, 1998). The simulation framework in this thesis will
allow healthcare decision makers to perform these types of analyses.
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3.2 Outpatient Clinics
A continuing trend in healthcare delivery is the shift to treating patients in outpatient
settings, rather than solely inpatient (Cote, 2000). Between 1991 and 2011, healthcare systems
have noticed an almost doubling of the number of outpatient visits. (Parks, Engblom, Hamrock,
Satjapot, & Levin, 2011). This trend is shown in Figure 1 by data collected from the American
Hospital Association (American, 2016). The motivation for this recent trend is believed to be from
innovation in medication, technological advances in surgeries (Cote, 2000). Another driver in the
shift to outpatient care versus treating patients on an inpatient basis is a reduction in financial cost
(Vaughn et al., 2016).
Given that the increase in outpatient centers is continuing to last (Cote, 2000), the
importance of efficient outpatient care is increasing. Many of the problems that have plagued
inpatient departments (congestion, staff overtime, high waiting times, etc.) have carried over to
outpatient clinics. Hong et al. (2013) explain that congestions, long wait times, long working hours,
and inefficient resource use at outpatient clinics all contribute to an increase in patient
dissatisfaction. The consequences of patient dissatisfaction can be severe and have financial
implications, as patient satisfaction impacts the reimbursements a healthcare system receives from
Medicare and Medicaid (Kennedy, Tevis, & Kent, 2014). For this reason, a growing body of
literature has been focused on improving outpatient clinics.
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Figure 1: Total Hospital Visits in Community Hospitals, 1995 - 2016 (American Hospital
Association)

3.3 Discussion
This literature on the analysis of healthcare systems revealed several gaps. The use of DES
to analyze healthcare system is becoming prevalent due to the increasingly easy use of simulation
programs and the decreasing cost for computational storage. However, the use of DES techniques
does have drawbacks when compared to other simulation techniques (Monte Carlo, systems
dynamics, agent-based simulation, etc.). Mainly, an in-depth knowledge of the system that is being
modeling is required to develop a DES model. Due to the complexity of healthcare systems,
accurately representing a system requires a lot of data prior to the start of model development. This
often leads to models that are inaccurate due to oversimplifications. Therefore, the results from an
oversimplified model may not be very accurate to predict changes or impacts in the real system
leading to a decrease in confidence from the decision makers (Günal & Pidd, 2010). An aim of
this thesis is to reduce the need for oversimplification through the creation of a simulation
framework that can model complex healthcare systems more quickly.
16

Another gap that was identified in the literature is the way healthcare models are developed.
In a sense, the current trend for simulation healthcare research is to develop, utilize and then
discard the model. Very few models are reused, and instead each model is developed to be
application specific resulting in duplication of modeling effort (Roberts, 2011). As Robinson,
Nance, Paul, Pidd, & Taylor (2004) explain, reusing models can help to decrease the time required
to construct the model as well as cost, but there is a lack of confidence in reusing a model that was
previously developed by another individual. Likewise, the cost and time to amend a reusable model
may exceed that of just developing one from scratch (Robinson et al., 2004). Therefore, this thesis
develops a simulation framework that is generalizable and so other applications and utilize the
concepts to build clinic models faster while remaining confident in the output.
This framework expands the work proposed by Pérez et al. (2010), Alvarado et al. (2018),
and Abo-Hamad and Arisha (2013) by enabling the component or atomic models that represent
the clinic attributes (treatment rooms, staff, patient flows, etc.) and logic to be altered by inputs
from a series of linked tables. This need for reusable models is supported by (Günal & Pidd, 2010).
They argue that the current advancements of simulation in healthcare is stunted due to the tendency
to start models from scratch, rather than implement general simulation concepts. “It would be a
step forward if the papers provided general and conceptual descriptions of their approaches with
enough detail to permit others to use their approaches, if not their models,” (Günal & Pidd, 2010).
Moreover, in their systematic review, (Mahdavi et al., 2013), find evidence to further support the
claims made by (Günal & Pidd, 2010). They explain that this is due to the lack of external validity
of many papers, which limits the ability to reuse. The need and subsequent shortage of
generalizable simulation concepts that are described in such detail to enable reuse, is a driving
motivation for this thesis.
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4 Methodology
A healthcare clinic that is carefully designed to meet the demand of its population will help
improve the efficiency and effectiveness of the care that can be provided (Ulrich, 2001). However,
quantifying how well a clinic is designed prior to its development is challenging due to the
complexity of clinic operations and lack of knowledge on important factors. To help address this
challenge, HCD-Sim is introduced in this section to allow planners a method to study the impact
of facility design on operations and clinic performance. For this thesis, the design of a clinic
includes attributes and resources that a patient is requiring for their care. These resources can
include exam rooms, physicians, nurses, infusion chairs, and medical testing devices. Clinics that
aren’t designed to meet the needs of their patients and staff can promote congestion which
increases patient waiting times. Reducing patient wait times in outpatient clinics is important
because patient satisfaction is directly related to how long a patient was waiting for care (Kallen,
Terrell, Lewis-Patterson, & Hwang, 2012). Designs that fail to meet the demands of a clinic can
limit the number of patients that can be treated and may result in certain elements becoming
underutilized, (Hong et al., 2013).
Clinics that are designed to meet the demands of their population can help promote a
smooth flow of patients and services. The bottlenecks resulting from day to day, routine services
can be avoided, and the clinic can be constructed to avoid the need for near future remodeling or
renovations. Patient satisfaction can be improved because patients will be waiting less and clinical
staff can be more productive in an environment that is suited to meet the demand of the patients
(Ulrich et al., 2008).
Studying the impact of design configurations on clinic operations is one way to help
develop clinics that are better suited for their patient and staff. HCD-Sim allows planners and
18

decision makers to make data supported conclusions on the characteristics of a clinical design and
to understand tradeoffs associated with different clinic layouts. The framework is flexible to allow
for different performance metrics to be measured and analyzed, like staff utilization, patient wait
times, room utilization, and queue lengths. Additionally, the flexibility enables complex
procedures and patient flows to be included, thus increasing the accuracy and validity of the
analysis results. Planners and decision makers can also conduct what-if scenario analysis to
validate hypothesis about design parameters and measure impact on performance metrics. Lastly,
the framework is constructed in a manner that allows for scalability.
In this section, the HCD-Sim is presented and discussed. First, a system description is
provided to describe the unique situations that clinics face and the complexity that exists in clinic
operations. Secondly, a conceptual model representing the framework is presented. This
conceptual model consists of five parts; the flexible clinic model explanation along with a simple
clinic and patient flow example, the input data that is required, the decision variables and types
that can be examined, the experimental design component, and the output that is provided. Lastly,
the simulation implementation of the framework will be discussed.

4.1 System Description
Due to the complexity caused by the various patients and procedures that occur, studying
healthcare clinics is a challenge. One source of this complexity is caused by the many interactions
patients have with the clinic resources during a visit. As depicted in Figure 2, patients are utilizing
many resources at any given time, and these resource needs can change during a visit. Additionally,
there can be multiple patients in the system at one time, each having independent needs and clinical
requirements. In the situation where a clinic is remodeling, relocating, or being newly built, this
complexity makes evaluating the impact of alternative designs difficult. Healthcare planners are
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faced with deciding how to allocate the clinical space to best support their operations and
efficiently use the space. In this section, the operations of a healthcare clinic will be discussed and
explained to provide background context on the causes of this complexity. Additionally, the key
features that result in complex operations will be examined.

Equipment
Nurses

Patients

Rooms

Physicians

Procedures

Figure 2: Example of the interactions that occur in a clinic among the resources.

The core component of clinic operations is the patients. Clinics can be treating many types
of patients, each with their own unique requirements. The requirements are not static and can
change during a patient visit. For example, a patient can be appearing at a clinic for a routine
check-up, but a lab test could discover a complication that requires more care. This dynamic and
unexpected behavior creates very complex scenarios to plan for and study.
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Patients are often grouped by condition, ailment, or other identifying attributes by clinics.
These patient types help the clinic to plan the resource requirements. Additionally, each patient
type has a sequence of locations and procedure that are required for their visit. This results in
unique routing for each patient type through the clinic, where a clinic could have dozens of patient
types. To provide context on the kinds of sequences that a patient follows, a general example is
given.
Patients arrive to clinic either based on a schedule, as walk-ins, or a combination of both.
At arrival, the patient checks in (often at a reception desk) and completes a check in process. The
patient is then moved to a clinic room to receive care. In the clinic room, the patient is seen by
staff members and given care. After, the patient can possibly move to other clinic locations
depending if other follow up tests/procedures are required. Once those have been completed, the
patient checks out and leaves the clinic. As was just alluded to, a feature of how patients flow
through the clinic is that some of the routing options are not predetermined, but rather occur from
results of previous events, like test results. For example, a patient could have originally been
scheduled to just see a nurse, but a blood test discovers some complications that require the doctor
to see the patient. Likewise, patients can have their sequence changed altogether depending on
previous procedures. An example of this situation would be if an illness is discovered during a
routine visit that causes the patient to be readmitted. Thus, the patient’s sequence would
completely change from the original sequence. Therefore, a challenge in understanding clinic
operations is that a patient can deviate from their originally scheduled patient type routing.
Clinical procedures are the tasks and processes that provide care to patients. The
procedures that a patient requires is the main element that defines their visit to the clinic. Some
examples of procedures include nurse assessments, infusions, and surgeries. The procedures a
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patient has done depend on their patient type and condition. Therefore, a clinic could have dozens
of procedures that are performed in many clinic locations, like exam, treatment, or procedure
rooms. Likewise, different patient types can have the same procedure but require different time
from the clinic staff. For example, a new patient could require more time with the staff to review
medical history than an established patient even though the medical review process is the same for
both in terms of the process steps. Also, procedures have the possibility of being completed in
multiple clinic locations. In other words, procedures aren’t always set to a specific location, so the
clinic selects where to perform procedures in real time based on the state of the clinic. For example,
if a patient has a doctor assessment and infusion planned, but the clinic already has all the exam
rooms occupied, the clinic may decide to perform the doctor assessment in the infusion room.
Additionally, each procedure requires specific clinic resources, like certain staff or equipment,
thus further increasing the complexity of the clinic operations.
Clinic procedures can additionally contain multiple subtasks. These subtasks can each
require different clinic resources. This situation is best explained through an example. A patient
assessment for a certain patient type could include the following subtasks; nurse assessment, nurse
and physician assistant handoff, physician assistant assessment, physician assistant and doctor
handoff, and doctor assessment. In this example, five subtasks are involved in this patient
assessment procedure, each with different staff needs, and occurring at different clinic locations
(the handoff steps occur in a workroom or somewhere away from the patient). Moreover, some
subtasks in a procedure occur in sequence where others are happening at the same time. For
instance, if a patient is having a surgery performed, the nurse could be preparing the supplies while
the doctor is administering anesthesia. Furthermore, there can be precedence to procedure steps.
Like in the previous example, the surgery cannot be started by the doctor before the anesthesia has
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had time to take effect and the nurse has gathered the supplies. Consequently, the procedures that
occur in a clinic, which can number in the dozens, can be incredibly complex and contain many
different steps.
In addition to patient activities, the processes and procedures completed by the medical
staff are another component to the clinic operations. As alluded to in the previous sections, the
staff, be it physicians, nurses, or physician assistants, all perform the vital function of caring for
the patients in a clinic. The way staff select or are assigned to patients may be both randomly
and/or by preference. Additionally, once a patient is assigned to staff members, that assignment
can be preserved for the duration of the patient’s visit, meaning the patient will require a specific
staff member for their procedures. This assignment could occur once the patient arrives, but other
tasks may need to be finished prior to that staff members starting on that patient. The staff also
have limits on the number of patients they can be treating or managing at a time. For example, a
doctor may only be able to see one patient at a time, but the nurse may be watching over two or
three. This limit will impact who is available to select new patients and can cause delays. Then,
there is the situation of staff not all working at the same time, as each member could have different
working schedules. So, the clinic is monitoring who is working, what their current patient limit is
and if they could see another patient throughout the day. Lastly, the clinic could have medical
devices that certain procedures require, so the clinic needs to also monitor the availability of those
devices to prevent starting a procedure that requires a device that is unavailable.
As has been demonstrated in this section, the clinic operations are complex. Incorporating
all the patient types, clinic procedures, and staff of a clinic presents a serious challenge to
individuals wishing to understand the operational impact of changes to a clinic.
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4.2 Conceptual HCD-Sim Framework
To provide a generalized method to study complex clinical operations and to analyze alternative
healthcare clinic designs, the Healthcare Clinic Design Simulator (HCD-Sim) is explained in this
section. The framework was designed to be data-driven with a modular structure. That is, the
intent is to provide a discrete-event simulation model that will be able to represent a large class
of healthcare clinics through the specification of clinic data relative to patient flows, work flows,
and resource requirements. The framework can conceptually be divided into the following five
components – (a) flexible clinic model; (b) clinic system inputs; (c) clinic decision variables; (d)
experimental design; and (e) clinical performance. The overall framework for HCD-Sim is
presented in Figure 3. Each of these components will be explained in detail in the proceeding
sections.
Clinic Decision Variables
•
•
•
•
•
•
•

Clinic System Inputs
•
•
•
•
•

Patient Types
Patient Sequences
Resource Requirements
Processing times
Procedures

Number of staff
Schedules
Equipment
Clinic Design/Layout
Scheduling Alternatives
Patient Priorities
Staff Priorities

Flexible Clinic Model
•
•
•
•
•

Patient Flows
Work Flows
Arrival Patterns
Patient Mix
Staffing Schedules

Experimental Design
• Patient Flow Analysis
• Capacity Analysis
• Constraints

Clinic Performance
•
•
•
•
•

Patient Length of Stay
Patient Wait Time
Capacity Analysis
Resource/Staff Utilization
Daily Completion Time

Figure 3: HCD-Sim modeling framework for the design and analysis of healthcare clinics.
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4.2.1 Flexible Clinic Model
The HCD-Sim provides a method to represent the clinic operations by supplying
operational data so analysis can be performed. HCD-Sim is designed around a relational table
architecture. The architecture enables the complex nature of patient flows and the resources to be
modeled in a manner that is flexible and customizable through data. This structure includes tables
that contain the operational information that defines the clinic. By updating the information in
tables, the model can be updated to represent new operations.
The foundational component of the model is the clinic procedures, or activities, that
provide care to the patients. HCD-Sim was developed around these activities because the activities
define why the patient is in the clinic and are not bound to certain clinic locations. In other words,
the activities can occur in many different locations. The activities are defined by the subtasks that
occur and the clinic resources that are required.
HCD-Sim translates operational data into a clinic model by storing the data in a series of
relational tables. Patient types are stored in a table which defines the routing for the patients and
the activities that the patient requires. The activities are stored in table with the corresponding
subtasks and resource requirements for each subtask. The decision variables that define the clinic
configuration are stored in separate tables allowing different clinic configurations to be tested. By
storing this data in tables, the main components of the model can be altered by updating the tables
and not having to remodel. However, the intent of this approach is not to develop a full clinic
model, but to rather develop most of the model to speed up the process of modeling clinics. The
planners can then add in more logic to tailor HCD-Sim to be representative of their operations.
HCD-Sim is composed of a library of custom clinic objects. These objects represent the
common objects that are found in healthcare clinics, like exam rooms, reception desk, surgery
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room, and vitals station. By developing custom objects, HCD-Sim is capable of automatically
creating objects through the tables. In other words, by adding more lines of data in a table, more
objects will be created in the model. This concept provides a data-driven approach to modeling
that reduces the modeling time and effort.
A key design element of the flexible clinic model is its modularity. By editing the clinic
resource and clinic staff tables, different alternatives can be tested. Similarly, the framework is
scalable and can be used to represent clinics with many patient types and activities merely by
adding more data in the corresponding tables.
4.2.2

Clinic System Inputs
HCD-Sim creates a clinic model through the operational data supplied. The type of input

data that HCD-Sim requires will be described in this section. While a lot of data is required to
represent the operations of a clinic, the data can be divided into three main categories; clinical
activities, clinic resources, and patient data.
The clinical activity input data consists of all the information on procedures that occur in
the clinic. This information includes the activities or procedures that are performed in the clinic,
like doctor assessment, injection, or casting. With all the activities defined, next the activity
subtasks are defined. The subtasks are the optional steps that make up an activity. For example, a
casting activity could include preparation, casting, and clean up subtasks. The clinic resources are
then specified for each activity subtask. The resources include staff, medical devices or other clinic
supplies.
The input data for clinical resources includes the staff, clinic supplies, and clinical location
types. The clinic staff are divided into the types working in the clinic, like doctors, nurses, and
technicians. Each staff type is stored in a separate table to allow for testing of various scheduling
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policies. The supplies can include medical devices or other specialty equipment. Lastly, the clinic
location types are the places in the clinic where activities occur. These location types are defined
by the kinds of activities that can be performed. For example, exam rooms typically are capable of
handling assessments and small procedures, where surgery rooms can handle more complicated,
specialized procedures. Each location type is stored in a separate table. This location type
definition process is unique to each clinic, so the input data would vary for each application.
The data required for patients includes all the information on how patients flow though the
clinic. First, the patient types are defined. Patient types are groups of patients with similar ailment,
condition, or required care. This grouping is often completed by clinic’s electronic medical record
systems. The activities that the patient needs are then specified along with the sequence if multiple
activities are required for the patient’s visit. Subsequently, the routing is specified. This routing
identifies where each activity can occur by defining the location type that is needed. Lastly, the
time duration for each subtask is defined.
4.2.3 Clinic Design Variables
The clinic decision variables define the set of design decisions that the simulator can
examine such as staffing levels, equipment, and clinical design specifications. The staffing
variables may include the staffing levels and schedules for staff. The equipment variables may
include the number of medical devices or capacity of the equipment. The clinical design
parameters refer to the number of location types.
4.2.4 Experimental Design
The experimental design component, as shown in Figure 3, is linked to the decision
variables that are being studied as well as the performance metrics. Depending on which decision
variables are selected, the framework can perform capacity analyses and identify tradeoffs among
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different clinic design alternatives. Capacity analysis of the clinic can be used to identify the
limiting factors of system performance and productivity. Additionally, resource usage can be
examined by altering the number of location types and staff and measuring system performance.
For this thesis, a general clinic is used to demonstrate the applicability of the framework.
The general clinic is tested using two main factors, a high and low patient volume, and high and
low patient complexity clinics. A full factorial experiment is conducted to test all four possible
scenarios. A preliminary analysis and three staged experimental design is used during the
experiment to test the general clinic’s capacity under these four factor scenarios. In the preliminary
analysis, the high and low patient complexity clinics are examined to understand the approximate
staffing and room levels to achieve the desired high and low patient volume throughput. This is
tested by creating a large batch of patients and measuring how many complete their treatment and
leave the clinic in the simulated day (10 hours).
With the approximate required levels determined for staffing and rooms, a three staged
analysis is completed to investigate the impact of the different rooms, staffing, and patient mix.
Several room configurations are tested first with the maximum number of staff, as to replicate an
unconstrained staffing policy. With a room configuration selected, the analysis transitions to
investigating the impact of different staffing levels on patient throughput. Several staffing policies
are chosen, and the throughput determined. With a room configuration and staffing policy set, the
impact of patient mix on throughput is tested. Several situations will be targeted, and the
throughput determined. This experimental process will be replicated four times for each of the
scenarios.
Additional experiments are conducted to demonstrate how HCD-Sim can provide a method
to investigate different aspects of the general clinic. These experiments include measuring staff
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and room utilizations and patient wait times. By understanding these three metrics, throughput,
staff and room utilization and patient wait times, a clinic can be tested, and tradeoffs identified.
4.2.5 Performance Metrics
HCD-Sim is designed to allow for many different performance metrics to be collected, thus
enabling for greater versatility. Metrics are an important aspect of any system because they define
the current state and gage performance relative to a goal. These measurements quantify
improvements and ensure the changes are positively impacting a system. Performance in
healthcare is primarily measured from the patient and provider perspective. The main components
of healthcare performance include quality of care, productivity, and efficiency (Bhattacharjee &
Ray, 2014). Moreover, there has been a shift in the care that patients are willing to receive, as they
are no longer willing to accept poor service. This has resulted in healthcare systems moving away
from the traditional goal of optimizing resource use, to now finding a balance between customer
satisfaction and provider efficiency (Brailsford & Vissers, 2011). HCD-Sim provides a method to
measure this tradeoff. The performance metrics that HCD-Sim is developed to collect include
patient wait times, resource utilization, staff utilization, total time patient is in the system, and
throughput.

4.3 Simulation Implementation
The process of implementing HCD-Sim is explained in this section. HCD-Sim is
implemented in a discrete event simulation software Simio version 10. The simulation approaches
that are used to represent the numerous patient types, patient routing, clinic procedures, clinic
staff/resources, and patient dependent processing times in HCD-Sim are discussed. Additionally,
a few of the key components of the model logic are examined to further support the explanation
of how the framework is structured. The discussion will include an overview of the relational table
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structure, as shown in Figure 4. Then an example clinic and patient flow, shown in Figure 6, is
introduced to help guide how clinic operations are defined and translated into operational data.
The definition of clinic activities, mapping of patient flows and routing, and patient activity time
durations are explained in this section.
4.3.1 HCD-Sim Table Architecture
A primary challenge in representing clinic operations in a simulation model is the way the
data that defines the clinic is stored. As discussed in the literature review, a common approach is
to hardcode the data into the model, but his method results in models that are rigid and not able to
be easily adapted for other applications, which is one of reasons that simulation growth in
healthcare has become stunted (Günal & Pidd, 2010). HCD-Sim implements an architecture that
stores the components of the clinic operations in a series of tables. As shown in Figure 4, these
tables are the Patient Types, Routing, Activities, Activity Tasks, Activity Resources, and Task
Time Data.
The key and foreign key relationships among these tables provide the structure that is at
the foundation of HCD-Sim. Put differently, these tables and relationships define who the patients
are (Patient Type table), how they flow through the clinic (Routing table), what procedures or
activities are completed in the clinic and which procedures the patient requires for their visit
(Activity and Activity Task tables respectively), the clinic resources needed to perform the clinic
activities (Activity Resources table), and the time required for the clinic activity steps for each of
the patient types (Task Time Data table).
HCD-Sim was structured in this manner for several reasons. First, this approach makes the
framework data driven, allowing other applications to implement the framework by changing the
data in these tables, rather than changing entire portions of the model or logic. Additionally, these
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tables can be linked or bound to external data sets, simplifying the process of updating or changing
the clinic model. Secondly, this architecture stores the operational data centrally in tables which
enables the model to be scalable, because as new objects are added to the model, the data needed
to define the objects can be referenced from the tables and not stored in the objects individually.
Routing

Patient Types

Patient Type
(Foreign Key)

Patient Type
(Key)

Activity (Foreign
Key)

Task Time Data

Activity Tasks

Patient Types
(Foreign Key)

Activity (Foreign
Key)

Task Description
(Foreign Key)

Task Description
(Key)

Activity Resources

Task Description
(Foreign Key)

Figure 4: HCD-Sim table architecture for storing clinic operational data.
The next section will provide more explanation of this architecture through an example.
The kinds of data that are stored in each of the tables will be shown to help provide a better
understanding of how HCD-Sim is structured. The example will also discuss the process for
implementing the framework and the necessary steps.
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4.3.2 HCD Example
In this section, an example clinic is introduced to aid in the discussion of how to
implement HCD-Sim. The example clinic, shown in Figure 5, contains the layout view of a
clinic, with a patient flow mapped. The sequence for the patient is shown on the upper right hand
of Figure 5. In the proceeding sections, the process for translating a clinic into operation data will
be discussed, along with how to input the operational data into HCD-Sim.
4.3.3 Defining Clinical Activities
The first step in implementing HCD-Sim is to define all the activities that occur in the
clinic. These activities are the foundation component of the framework because of their flexibility
to represent a large class of clinic processes from single step to complex multi-step procedures.
The activities represent the clinical processes that provide care to the patients and operational
processes that are required for the clinic to function.
The activity definition step involves first determining all the activities then secondly
defining the optional activity subtasks. These subtasks can also have precedence relationships,
meaning HCD-Sim can represent subtasks that occur in parallel or series. For example, as shown
by the Surgery activity in Figure 6, to represent parallel subtasks, define the precedence in the
precedence column in the activity tasks table. Next, the resources types, like doctor or nurse, that
are required to perform each subtask are defined. This definition can be set to a specific resource,
meaning a certain doctor for example, or rather assigned dynamically during the model run. The
dynamic selection is accomplished by setting the resource requirement to a staff type, then defining
the selection logic, like first available. The model will then scan the staff type tables and find a
resource that matches and assign that resource to the patient.

32

Check In
A10A
Receptionist

DR
Exam Room 1

Reception
5. Check Out

Exam Room 2
3. Doctor
Assessment

Registration Paperwork
B10A

Exam Room 3

Doctor Assessment
C10A
C20A
C30A

1. Check In

D10A

Surgery
D20A

2. Registration
Paperwork

4. Surgery

Treatment Room

D30A

D10B

D40B

DR PA

Waiting
Room

Patient Type
Type 1
⁞
Type N

D40A

Procedure Room

Patient Type
Type 1
Type 1
Type 1
Type 1
Type 1

Routing
Activity
1. Check In
2. Registration Paperwork
3. Doctor Assessment
4. Surgery
5. Check Out

Location
Reception
Waiting Room
Assigned Exam Room
Assigned Procedure Room
Reception

Activity Tasks
Precedence Task Description
A10A
Check into Clinic
B10A
Complete paperwork
C10A
DR reviews patient meds
DR Assessment C20A
DR/Patient Q&A
C30A
DR performs assessment
D10A
PA gathers supplies
D10B
Patient is given anesthesia
D20A
DR preparation
Surgery
D30A
DR performs surgery
D40A
PA clean up
D40B
Patient recovery
Check Out
E10A
Patient leaves clinic
Activity
Check in
Reg Paper

Check Out
E10A
Exam Rooms
Exam Room 1
Exam Room 2
Exam Room 3
⁞
Exam Room N

Clinic Resources
Exam Room
Procedure Room

Procedure Rooms
Procedure Room 1
⁞
Procedure Room N

Activity Resources
Doctor
PA
Receptionist
Anesthesia

Patient Type
Type 1
Type 1
Type 1
Type 1
Type 1
Type 1
Type 1
Type 1
Type 1
Type 1
Type 1
Type 1

Doctors
Doctor 1
⁞
Doctor N

Physician Assistants
PA 1
⁞
PA N

Task Time Data
Task Description
Check into Clinic
Complete paperwork
DR reviews patient meds
DR/Patient Q&A
DR performs assessment
PA gathers supplies
Patient is given anesthesia
DR preparation
DR performs surgery
PA clean up
Patient recovery
Patient leaves clinic

Time Duration (mins)
Normal(µ=5,σ=2)
Exponential(λ=5)
Normal(µ=15,σ=2)
Triangular(2,5,7)
Normal(µ=10,σ=2)
Uniform(2,5)
Normal(µ=20,σ=5)
Exponential(λ=15)
Triangular(10,15, 20)
Normal(µ=4,σ=1)
Uniform(2,5)
Uniform(1,2)

Figure 5: The HCD-Sim data structure for a small example clinic and patient flow.
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In Figure 6, the notation for precedence is defined by assigning a letter to each high-level
activity (Check In, Reg Paperwork, DR Assessment, etc.), then defining the order for the task by
assigning it a level (10, 20, 30, etc.). All the tasks at the 10 level must be completed before the
tasks at the 20 level can begin. Furthermore, tasks at the same level, can be processed at the same
time. The last letter shown is simply a guide to help identify each task in the Surgery activity
network diagram.

D10A

Surgery
D20A

D10B

D40A

D30A
D40B

Figure 6:An example surgery activity with multiple subtasks, each having staff requirements.
4.3.4 Specifying Patient Routing
The next step in implementing HCD-Sim is to map the patient flows through the clinic.
This process identifies the clinic locations that patients can visit and physical clinic space. For
example, in the example clinic shown in Figure 7, the physical clinic consists of a reception station,
waiting room, three examination rooms, a procedure room, and a treatment room. The patient flow
is show along with the location of each of the patient’s sequence steps. This flow is a result of the
activities that this patient type requires for their visit as shown in the top right of Figure 5.
Incorporating the patient flow into HCD-Sim involves storing the sequences in a routing
table. The routing table is linked to the patient type, providing a scalable method to add many
patient types. The routing table stores all the activities the patient type requires along with the
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corresponding location in the clinic where that activity can occur, as shown in Figure 7. This
activity-location relationship can be either hardcoded, meaning the patient will visit a specific
clinic location, or determined dynamically. These options represent the situations in the clinic
where the patients will always go to a specific location, like check in, and the situations where
there are multiple possible locations, like exam rooms.

Patient Type
Type 1
⁞
Type N

Patient Type
Type 1
Type 1
Type 1
Type 1
Type 1

Routing
Activity
1. Check In
2. Registration Paperwork
3. Doctor Assessment
4. Surgery
5. Check Out

Location
Reception
Waiting Room
Assigned Exam Room
Procedure
Reception

Clinic Resources
Exam Room
Procedure Room

Exam Rooms
Exam Room 1
Exam Room 2
Exam Room 3
⁞
Exam Room N

Procedure Rooms
Procedure Room 1
⁞
Procedure Room N

Figure 7: An example of how a patient sequence is stored in the HCD-Sim routing table along
with the clinic locations for each sequence step.
For the dynamically determined locations, the location definition is for the clinic location
type (like exam rooms, treatment rooms, etc.). HCD-Sim then selects an available clinic location
from the table containing all the locations for that type, as shown by the Exam Rooms and
Procedure Rooms tables in Figure 7.
4.3.5 Patient Time Duration
The time durations for the clinic activities are stored in a separate table in HCD-Sim. This
was done to help minimize the number of activities that need to be defined, because it is common
for clinic activities to be similar regarding staff requirements for many patient types, but with
different processing times. For the example clinic shown above in Figure 5, the time durations are
stored in the Task Time Data, which is enlarged below in Figure 8. This table is structured through
two foreign key relationships with that Task Description and Patient Type. In other words, each
row in the Task Time Data represents a subtask for a certain Patient type.
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Figure 8: The example clinic Patient Time Duration Table that is used to store activity task
processing time for each patient type.
This method of storing the time duration in a separate table allows for patient types to be
assigned to the same activities but have separate processing times. For example, if a Type 2 patient
was added to the table in Figure 8 that had a doctor assessment with significantly longer processing
times, rather than needing to define an independent Type 2 doctor assessment, the processing time
data can be accessed in the Task Time Data table.
4.3.6 Clinic Objects
HCD-Sim utilizes custom clinic Simio objects to translate operational data into a
simulation model. These objects fall into four main categories; rooms, room resources, patients,
and staff. Each of these objects were sub-classed from the standard Simio objects. The description
of each object category is explained in this section.
The room objects utilized in HCD-Sim all are sub-classed servers in Simio. The server is
first sub-classed to define a new Room object, which has the task sequences and task resources
linked to the Activity Tasks and Activity Resource tables respectively. This new Room object is
then sub-classed again to create the different type of rooms that exist in a clinic. For this thesis,
those room types are exam, procedure, treatment, and consultation. These rooms and the features
of each are shown in Figure 9. While the model logic behind these four room object types is the
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same, the reason for creating four independent types was to allow for each type to be auto created
from a separate table, and to allow for the different room types to be changed to represent different
clinic configuration layouts. The four room object types also each have different space
requirements in the model, to more accurately represent the space constraints that clinic planners
are faced with.

Server
Room
1. Task Sequence linked to table
2. Task resource requirements
linked to table

Exam Room
Linked to Exam
Room Table for
object autocreation

Procedure Room
Linked to Procedure
Room Table for
object autocreation

Treatment Room
Linked to Treatment
Room Table for
object autocreation

Consultation Room
Linked to Consult
Room Table for
object autocreation

Figure 9: The four room objects types utilized in HCD-Sim along with their definitions
For every room that is added to HCD-Sim, a corresponding room resource is created. This
resource is a sub-classed resource in Simio. The main functionality and purpose of the room
resource is to control when the corresponding room object is available so a new patient can enter.
While this functionality may seem redundant, as the room object itself can determine availability,
HCD-Sim was developed to handle situations where the patient could leave a room but still be
assigned to that room, thus preventing others from entering. This situation is common in clinics
where the patient could be assigned to a room, then move to get a test done (i.e. X-ray, MRI, etc.)
and moved back to their original room. Therefore, the room resources act as a control board and
informs the clinic of which rooms are available, even though those rooms could be unoccupied.

37

For this thesis, four room resources were created to accompany the room objects, as shown in
Figure 9. These resources are stored in the table where their corresponding room object is located.
For example, the exam room resources are stored in the exam room table, where every row contains
an exam room object and a corresponding exam room resource. Since the exam room resource and
exam room server are different objects, they can have different locations in the model, as shown
in Figure 10.

Figure 10: An example exam room table, with the exam room object and corresponding room
resource.
A patient type object was created to represent each of the patients that the clinic provides
care for in HCD-Sim. The patient type object is a sub-classed entity in Simio. This patient type
object is then used to create instances of each patient type corresponding to a certain patient. Each
of these instances stores the routing, activities and activity time durations for that patient’s visit.
HCD-Sim utilizes custom staff objects to represent the different types of clinic personal.
The staff types are all sub-classed workers in Simio. Custom staff objects were created in HCDSim so that each staff type could be linked to a table, like the room objects. Thus, the staffing
schedules are data driven and can be altered by changing the tables. For this thesis, three staff
objects were used; doctor, nurse and physician assistant.
4.3.7 Object Autocreation
As discussed in section 4.3.5, HCD-Sim uses custom clinic objects to create clinic models,
and each of these objects is stored in a table in HCD-Sim. These object tables are developed to
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auto-create objects, meaning object instances are created by adding data in the corresponding
object table. For example, by adding five rows of data to the exam room table, as shown in Figure
10, five exam rooms and five corresponding exam room resources will be created. This allows the
model to be data driven and modular.
4.3.8 Staff and Resource Selection
HCD-Sim provides flexibility in how the patients seize clinic resources and staff. The
patient can select the required resource by either finding the next available, or by some
predetermined logic. This logic includes specific preferences, closest resource, or the resource that
is currently caring for the least number of patients. Additionally, HCD-Sim can represent clinics
where the patients and resource relationship is preserved throughout the visit. Meaning, once the
patient selects the staff member, that staff member will be stored and used for all following clinical
activities. This feature was added after studying the Bone Marrow Transplant clinic.
4.3.9 Incorporating Complex Patient Flows
HCD-Sim can represent clinics with complex patient flows. Complex patient flows include
intricate looping routes through the clinic. Looping patient flows are patient routing that have the
patient visiting the same location or locations more than once during their visit. For example, if a
patient had an assessment in the exam room, then moved to the procedure room for a surgery, and
finally moved back to the exam room for recovery and rest before leaving the clinic. This type of
patient flow is complex because of the challenge in understanding when the patient is still owning
the rooms, thus preventing other patients from using them. Therefore, HCD-Sim has the flexibility
to reserve rooms for a patient if they will be needing the room again later in their visit. For instance,
a patient arrives to the clinic and needs an assessment in the exam room, a surgery in a procedure
room, and follow up assessment after the surgery in the exam room. As observed at the Bone
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Marrow Transplant clinic, many clinics will reserve the exam room that the patient used for the
first assessment for proceeding activities. This feature is implemented in HCD-Sim by controlling
the room resource. Consequently, the model can keep the patient owning rooms while they are
having other procedures or activities completed.
Another element that can result in more complex patient flows is the number of patient
types. More patient types in the clinic increases the variation among the patients and their clinical
tasks. This variation can cause clinic bottlenecks to develop during the day or even shift if the
variation is high.

4.4 Validation
In this thesis, a twofold validation and verification is conducted. First, a general clinic
application is used to develop a demonstrative clinic model from HCD-Sim. This model is verified
by studying the way patients flow through the clinic and how staff are behaving to ensure the
operations are representative of the general clinic. Secondly, validation and verification are
performed on the BMT clinic application, which is discussed in Section 6, to provide evidence that
the framework is suitable for healthcare problems. This will support why this framework is valid
and beneficial for health care decision makers. Furthermore, the BMT clinic application will be
verified by feeding in actual daily demand for the clinic and comparing the model results to the
actual observed results from run length. This application will further support the value that the
framework can provide, and provide insights to implementation, something that is commonly
lacking in the literature (Katsaliaki & Mustafee, 2011).
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5 Experimentation with General Healthcare Clinics
HCD-Sim benefits healthcare planners by providing a method to create most of a clinic
simulation model faster than starting the model development from scratch. Additionally,
experiments can be conducted to better understand the impact of design and performance in the
model. By replicating the system in a simulation model, combinations of parameters and various
system alternatives can be experimented, without the consequences, costs, or risks of
implementation in the real system. Additionally, the number of critical resources can be varied to
measure the impact on the performance using any of metrics. The framework also provides a
technique to conduct what if analysis. For example, a healthcare planner could evaluate what
would occur in the situation where demand surged in the morning hours, or for certain patient
flows. Likewise, the system could be tested for robustness by finding the maximum number of
patients that can be treated while maintaining the desired performance. Moreover, this framework
can assist in the identification of bottlenecks in healthcare systems. This is beneficial as it ensures
that improvement opportunities address the main problem, and don’t just shift the problem. Lastly,
this analysis is helpful for a planner when estimating the horizon for which a certain system
configuration could remain effective when demand is changing year over year.
To demonstrate the value of this framework to a large class of clinics, a general experiment
is conducted using two clinic factors; patient demand (low and high), and patient type complexity
(low and high). The general experiment includes an analysis for the generic clinic under the two
factors. This section describes the process of analyzing a clinic using HCD-Sim, beginning with
operational questions, followed by a description of how to implement the framework, then
discussing the experimentation and results, and concluding with the recommendations to answer
the original operational questions.
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5.1 General Clinic System Description
The general clinic includes the following clinic elements; check-in/check-out station,
waiting room, vital signs assessment station, exam rooms, procedure rooms, and staff work
room/stations. The general clinic includes two different patient type populations. The low
complexity patient population contains 6 patient types, whereas the high complexity patient
population has 27. The patient types differ in the resources that they require for their treatment and
the procedures that are performed. The low and high complexity patient types along with their
sequences and staff requirements are shown in Appendix A.1. The first two patient types for the
low complexity patient type are provided in Table 1 to aid this discussion. As shown, the patient
sequence steps include Reception, Wait room, vitals station, exam room, and additional
procedures. Each sequence step has subtasks, either a single task or multiple. The subtasks are
shown in the Tasks column in Table 1. The clinical resources that a patient requires for each
subtask in their visit varies depending on the patient type and procedure. In this general clinic,
each subtask has clinic resource requirements and a time duration corresponding to the care
activity. These are shown in the Task Resource Rqmts and Task Time Duration columns in Table
1. For this general clinic, the resources are staff (receptionist, nurse, doctor, and PA), exam rooms,
and procedure rooms. The number of each is part of the analysis that the clinic is looking to have
completed.
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Table 1: Two patient flow sequences, resources requirements and process time durations for the
general clinic. All duration times provided in minutes.
Patient Task
Location
Type
Reception
Wait Room
Vitals Station
Exam Room
1

Procedure Room

Reception
Reception
Wait Room
Vitals Station
2

Exam Room

Procedure Room
Reception

Activity

Tasks

Check-In
Registration
Paperwork

Check In
Complete Paperwork

Take Vitals
RN Assessment
Medication Review
DR Assessment Provider/Patient Q/A
Assessemnt
PA Gathers Supplies
Anesthesia is given to
patient
Procedure A
DR Preparation
Procedure Performed
Clean Up
Patient Recovery
Check-Out
Check Out
Check-In
Check In
Registration
Complete Paperwork
Paperwork
Take Vitals
Vitals
RN Assessment
Medication Review
DR Assessment Provider/Patient Q/A
Assessemnt
Surgery Preparation
Procedure B
Surgery Preparation
Clean Up
Check Out
Check Out
Vitals

Task Resource
Rqmts
Receptionist

Task Time Duration
(mins)
Uniform(2,5)
Exponential(5)

RN
RN
DR
DR
DR
PA

Triangular(5,10,15)
Triangular(5,10,15)
Normal(15,2)
Triangular(2,5,7)
Uniform(10,15)
Uniform(2,5)

PA

Normal(20,5)

DR
DR
PA
Receptionist
Receptionist

Exponential(15)
Triangular(10,15,20)
Normal(4,1)
Uniform(2,4)
Triangular(3,5,7)
Triangular(3,5,7)

RN
RN
DR
DR
DR
RN
PA
RN
Receptionist

Exponential(5)
Triangular(5,10,15)
Triangular(5,10,15)
Triangular(15,20,25)
Triangular(15,20,25)
Triangular(15,20,25)
10
Uniform(10,15)
5
Triangular(3,5,7)

The logic determining how patients transition during their visit in the clinic is shown in
Figure 11. When a patient arrives, they check in and stay in a waiting room until an exam room is
available. Once an exam room and nurse are available, a nurse escorts the patient to the exam room
and performs a general assessment. The nurse will leave the exam room and review the patient
with the doctor or physician assistant (PA) in the staff work room. The physician then meets the
patient and provides an assessment. After all the assessments are complete, the patient either
checks out and leaves the clinic, or has a procedure completed with a physician, and/or nurse.
When the procedure is complete, the patient leaves the clinic. The procedures can be done in either
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the exam or procedure rooms. The clinic would prefer to complete them in the procedure room if
possible, to minimize patient waiting and begin care for the next patient.
Wait in
Wait Room
No
Patient
Arrives

Does patient need
procedure?

Yes

Is Procedure
Room available?

Yes

Is Exam Room
available?

Check In

Patient is moved to
Procedure Room
and procedure is
completed

Yes

Nurse
takes vitals

Physician
provides
assessment

Nurse reviews
patient with
Physician

No

Check Out

No

Nurse reviews
patients records
with patient

Patient
Leaves

Procedure is
completed in
Exam Room

Figure 11: The patient flow logic for the general clinic.

5.2 Problem Description
The problems the general clinic is interesting in exploring using this framework are related
to capacity planning and configuration selection. The general clinic is looking to answer the
following questions:
1. What is the impact of number of exam and procedure rooms on clinic capacity?
2. How does the number of staff influence clinic capacity?
3. What is the capacity limit of the clinic?
4. What is the impact of patient type mix on clinic capacity?
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5.3 Clinical Patient Volume
To confirm the robustness of the framework, the general clinic is tested using two patient
volume scenarios, high and low. The rational for this approach is to demonstrate the applicability
and flexibility of the framework to both extremes in patient volume. Additionally, this highlights
a possible use case for HCD-Sim. In this use case the variable that is changing is the number of
patients being treated or seen in the clinic. This is representative of a clinic that is experiencing
growth or reduction in patient volume According to a survey completed by Weinick et al. (2009)
of urgent care centers in the US, outpatient clinics have been categorized by weekly patient visit
volumes (2009). For this experiment, the low patient volume category will be set at 100 patients
per week, and the high patient scenario will be set to 700 patients per week. For this analysis, the
clinic will be operating 5 days a week, so 20 and 140 patients per day for the low and high patient
volumes respectively. By applying the framework to both scenarios, the method can be validated,
thus demonstrating the capability for the framework to represent a large class of clinics.

5.4 Low and High Complexity Patient Mix
In addition to the two patient volume scenarios, a low and high complexity patient type
scenario will be included. This provides another use case for HCD-Sim. In this use case for clinic
complexity change, the clinic is adding new procedures and patient types. This situation is
representative of a clinic that is expanding or changing its operations. The low complexity patient
type scenario consists of 6 patient types, while the high complexity scenario has 27 patient types.
Additionally, the high complexity scenario contains patient types that loop through the same clinic
objects during their visit. For example, as shown in Table 2, Patient Type 11 has two procedures
scheduled for their visits, so they travel from the exam room to the procedure room then loop back
to the exam room and procedure room again during their visit. This routing is more complex
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because there is a challenge in recognizing when to free the exam room and procedure room that
Patient Type 11 is utilizing. This complex flow and 26 others are included in the high complexity
scenario.
Table 2: An example high complexity patient flow routing with loops, and task time
requirements.
Patient
Task
Type

Location

Activity

Tasks

Resource Task Time
Rqmts
Duration (mins)

11

Reception

Check-In

Check In

Recept.

Wait Room Registratio
n
Paperwork
Vitals
Vitals
Station
Exam
Room

Complete Paperwork

Exam
Room
Procedure
Room

Reception

Exponential (7)

Take Vitals

RN

Triangular (1,5,10)

RN Assessment

RN

Triangular (3,5,7)

DR
Medication Review
DR
Assessment Provider/Patient Q/A DR
Assessment

Procedure
Room

Procedure
E

4

DR

Normal (15,2)
Triangular (2,5,7)
Uniform (10,15)

Order Delay (50%)

15

RN Gathers Supplies RN

Uniform (5,10)

DR Preparation

DR

Exponential (20)

Procedure
Performed
Clean Up

DR

Triangular
(10,15,20)
Normal (20,1)

RN

Recovery

Patient Recovery

Procedure
C

Preparation

PA

Surgery
Clean Up

DR & PA Triangular
(20,30,40)
RN
10

Check Out

Recept.

Check-Out

Uniform (10,30)
20

Triangular (3,5,7)
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5.5 Experimental Design
HCD-Sim is used to answer the problems stated in 5.2. The decision variables under
consideration for this experiment are the number of exam rooms and procedure rooms, staffing
levels (RNs, PAs, and DRs), and patient mix. The metric to gauge performance in these
experiments is throughput. Four experiments are run to investigate the impact of changing the
patient volume and patient complexity. The four experiments are conducted using a factorial
design, as shown in Table 3. This design will demonstrate the applicability of the framework to a
large class of clinics regarding clinic volume and clinic patient complexity.
Table 3: The experimental runs and corresponding levels for the general clinic experimentation.
Experiment

Patient Volume
(Patients/day)

Patient Type Complexity
(Patient Types)

1
2
3
4

Low (20/day)
High (140/day)
Low (20/day)
High (140/day)

Low (6)
Low (6)
High (27)
High (27)

For each of the four experiments, a three staged analysis is conducted. In the first stage of
the analysis, the clinic is examined to determine the tradeoffs among a set of alternative
configurations of exam and procedure rooms. For this first stage, the staff is unconstrainted, and
patient types are all equally likely. Next, the staffing levels are investigated using the best room
combination from the first experiment, and the equally likely patient types. Finally, the patient mix
is studied by varying the patient mix under the room and staffing combinations. Before the three
staged analysis is conducted, a preliminary analysis will be performed to determine the
approximate levels of staff and rooms that is necessary to achieve the desired patient volume.
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The model run is for one clinic day, which is 10 hours. Then for each alternative, 100
replications will be completed. At the end of each 10-hour day, the number of patients that left the
clinic will be recorded.
The model is set up to create a large batch of patients at the beginning of each run. Then
the number that were treated and left the clinic within the 10-hour day are measured. This provides
a theoretical maximum throughput, because there is always a patient waiting to enter.

5.6 Experimental Results
The results for the general clinic experimentation are discussed in this section. A
preliminary analysis is first conducted to understand the simple and complex patient clinics and to
obtain approximate estimates for the staffing and rooms required to achieve the low and high
patient volumes. Next the three staged analysis is conducted for the four experiments as specified
in Table 3. The next section then provides conclusions about the analysis.
5.6.1 Preliminary Analysis
A preliminary analysis is conducted to determine the approximate levels for staff and
rooms to achieve the desired throughput. This analysis also served as a validation that the model
was behaving in an expected manner. The preliminary analysis is conducted by running both the
low and high complexity clinics under increasing room and staffing levels and measuring the
patient throughput and value-added time. The room level refers to the number each of both exam
and procedure rooms. So, the clinic is getting larger and larger as the analysis was performed.
Similarly, the staffing level refers to the number each of nurses, physician assistants, and doctors.
Then, room levels varying from 1 each to 20 each are tested under 3 staffing levels for the simple
patient clinic, and 4 for the complex patient model. These staffing levels were selected after some
trial runs, which provided approximate levels to achieve the desired throughput of 20 and 140
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patients per day for the low and high-volume scenarios. Each of the runs was 10 hours and had 10
replications.
The metrics used for this analysis were throughput and patient value-added time, expressed
as a ratio. The throughput metric is defined in the analysis as the number of patients that departed
the system after the 10-hour run. The patient value added ratio metric, shown below in Equation
1, is defined as the proportion of time the patient is receiving care compared to the total time they
were in the system. Since the scope of this overall analysis is capacity and not scheduling, the time
in system was measured from the time the patient left the waiting room and started their visit to
the time they left the clinic. This metric provides a way to gauge how the clinic design is processing
patients and was also used to verify the model, because there was a concern that as the clinic grew
in resources, patients could get stuck in a holding pattern in the clinic rooms. The metric was
collected for every run used in the throughput analysis.
Patient Value Added Ratio=

Total Patient Care Activity Time (Value Added)
Total Patient Time in System

(1)

The preliminary results for the low complexity patient mix model and high complexity
patient mix model are shown in Figures 12-15. The results show that for the low complexity clinic,
the clinic needs to have approximately 2-3 rooms and a staffing level of at least 3 to achieve the
low patient volume. Additionally, to achieve the high patient volume of 140/day, the clinic needs
around 18 rooms each and a staffing level of 10. An important note for these results is that the
utilizations within the room level and staff level is not equal, so the next analysis will investigate
the impact of specific levels for each of the rooms and staff types. Additionally, the results show
the expected trend that as the clinic size increases and employs more staff, the patient throughput
increases.
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Figure 12: The preliminary results for low complexity clinic for various room quantities and 3
staffing levels.

Figure 13: The preliminary results for low complexity clinic value added ratios (Patient Value
Added Time / Patient Total Time in System).
50

Figure 14: The preliminary results for high complexity clinic for various room quantities and 4
staffing levels.

Figure 15: The preliminary results for low complexity clinic value added ratios (Patient Value
Added Time / Patient Total Time in System).
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The results of the value-added ratio figure provide expected insights to how the clinic is
processing patients. Two main takeaways are show in Figure 13. First, as the staff levels increase,
the patients are waiting less, and have higher value-added ratios. Secondly, as the clinic is growing
in rooms, there is an increase in waiting time, and subsequent decease in value added ratio. This
result is expected as more patients are being put in rooms, but still waiting.
The preliminary results for the high complexity patient type model are shown in Figure 14
and Figure 15. The results show that in general, the high complexity clinic requires more resources
to achieve the desired high patient volume throughput, which expected. For this reason, 4 staffing
levels were tested, as the staffing level of 10 did not achieve the desired 140 patients/day volume.
The results show that to achieve the low patient volume, around 2-3 rooms are needed, and at least
3 staffing members. This result is like the low complexity clinic preliminary result which is
expected as the rooms are the constraining factor at low volumes, not staff. For the high patient
volume throughput, the results show that the clinic needs around 20 rooms at a staffing level of
15.
The results of the value-added data for the high complexity clinic are aligned with the
expected results observed in the low complexity clinic. Overall, as the clinic hires more staff, there
is an increase in throughput, and less waiting for the patients. In other words, the inherent problem
of increasing the size of the clinic (more rooms) which causes more patient waiting times (lower
value-added ratios), can be reduced by adding more staff.
The preliminary analysis also investigated the two clinics from a patient perspective, by measuring
the value-added ratio. The general clinics were intended to be representative, so this analysis was
conducted to confirm that the time the patients were waiting in the clinic was reasonable. These
descriptive statistics and histograms are shown in Figure 17. These results show that on average
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the patients are waiting for 20-25% of the time. The complete graphical summaries of the low and
high complexity value added ratios are provided in Appendix A.2.

Histogram of Low Complexity VA Ratio

Histogram of High Complexity VA Ratio
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Figure 16: The descriptive statistics of the value-added ratio for the preliminary analysis.

5.6.2 Low Volume and Low Complexity Experiment
The result of the three staged analysis on the low volume low complexity model are
discussed in this section. Using the preliminary analysis, the room configuration analysis was
conducted for all the room combinations from one to three exam and procedure rooms, yielding
six scenarios. The results of the analysis are shown in Figure 17. The first observation is that
Scenario 1 and 2 both did not meet the patient volume requirements. These results also reveal that
the exam room is more impactful on throughput than the procedure room, because when comparing
the results of Scenario 1 and 2, and 4 and 5, the throughput is higher for both scenarios where there
are more exam rooms than procedure rooms. Another interesting observation is how the impact of
procedure rooms on throughput is not linear. In other words, when comparing Scenarios 2, 3, and
5 where the procedure rooms are increasing, the throughput increase is much greater from Scenario
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2 to 3, then Scenario 3 to 5. This result provided useful insight to a healthcare planner and
highlights how the exam room provides more throughput increase when compared to procedure
rooms. This could be examined further to see if an interaction effect is causing this result. From
these results, Scenario 6 was selected as the most desirable since it had the highest throughput and
was used in the proceeding staffing and patient mix analyses.

Figure 17: The low complexity low volume clinic room configuration analysis results for six
different configurations.

The staffing analysis was next completed using the results of the preliminary analysis to
set the factor ranges for the PAs, DRs, and RNs. The factor levels for each were varied from one
to three, and all combinations were considered yielding nine scenarios. The results of the analysis
are shown in Figure 18. These results show how the staffing mix has little impact on the
throughput, and what is more important is the quantity of staff members. This is interesting as it
suggests that the total quantity of staff members is an important metric. Additionally, these results
show that the total number of staff members needs to be at least six to meet the 20 patients per day
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volume requirement. From this analysis, Scenario 5 was selected as the most desirable because it
is the point where there is a diminishing point of returns for throughput. Meaning as more staff is
added (Scenarios 6 through 9), only marginal throughput improvements are noticed. Scenario 5
was used for the proceeding patient mix analysis.

Figure 18: The low complexity low volume clinic staffing analysis results for nine different
scheduling policies.

The patient mix analysis was completed using five different patient scheduling policies.
These policies varied from equally likely (Scenario 1) to policies that avoid scheduling certain
patient types. The results of this analysis are shown in Figure 19. Firstly, all scheduling policies
meet the required daily throughput requirement. Secondly, the results show that the throughput of
the clinic is relatively unresponsive to the different scheduling policies, since the overall spread of
the results is relatively small. This is a noteworthy observation and something that a healthcare
planner could use when prioritizing their improvement strategies.
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Figure 19: The low complexity low volume clinic analysis results for five different patient mix
scenarios.

5.6.3 High Volume and High Complexity Experiment
The next analysis was conducted for the low complexity clinic with high demand. The
preliminary analysis provided that the clinic required around 16 to 19 exam and procedure rooms,
so various combinations were tested all at the staffing level of 10. The results of the room
configuration analysis are shown in Figure 20. These results first indicate that a clinic with less
than 17 exam and procedure rooms will struggle to meet the 140 patient/day volume. Secondly,
like in the low volume scenario, the number of exam rooms appears to be more impactful on
throughput. This is shown by comparing Scenario 4 to 5 and 4 to 6, where by adding the 18th exam
room provided more throughput increase than when adding the 18th procedure room. This result
supports that the relationships observed in the low volume clinic still hold when the volume is
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increased. From these results, Scenario 8 was selected as the most desirable and used for the
proceeding staffing and patient mix analyses.

Figure 20: The low complexity high volume clinic room analysis for nine different room
configurations.

The staffing of the low complexity clinic with high volume was next examined. The
preliminary analysis provided that around 10 of each staff type were required to achieve the highvolume requirement. To see if 10 of each were truly needed or if a combination less than 30 total
could achieve the 140 patients/day, staffing levels of less than 10 were included in the analysis.
The results of the staffing analysis are shown in Figure 21. Interestingly, the preliminary results
remained very accurate, as the staffing levels for each of the three staff types needed to be at least
10 to achieve the 140 patient/day throughput. Additionally, the RNs tend to impact the throughput
more than the PA and DR, because in both situations, adding the 10th and 11th RN, the throughput
increased more than when adding the same level of PA or DR. This insight is very useful for the
clinic planners as staff members are very expensive and having excess staff on schedule that are
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not contributing the clinic could indicate an inefficient use of resources. From this analysis, the
staffing level of 10 each, Scenario 5, was selected as the most desirable and used in the last patient
mix analysis.

Figure 21: The low complexity high volume clinic staffing analysis for nine staffing policies.

The patient mix analysis was conducted using the same mixes as the low volume low
complexity clinic scenario to see if the trends were consistent among both clinics. The results of
the analysis are show in Figure 22. The results show that the throughput under the five mix
scenarios are consistent when comparing to the other scenarios for the low and high-volume
clinics. In other words, the order from highest throughput to lowest, is Scenario 5, Scenario 2,
Scenario 1, Scenario 4, and Scenario 3. This order is the same for the low complexity low volume
experiment. This result supports the conclusion that HCD-Sim is capable to handle both spectrums
of patient volume and produce results that are expected. In the next section, the experiments using
the high complexity clinic will be tested.
58

Figure 22: The low complexity high volume clinic patient mix analysis for five patient mix
scenarios.

5.6.4 Low Volume and High Complexity Experiment
The experiments that were performed next involve the complex patient type clinics. The
expected results are that the complex patients, which create more variation in the system, will
require more resources to achieve the patient volume throughputs. The results of the room
configuration analysis are shown in Figure 23. The room configuration scenarios that were tested
were derived from the results of the preliminary experiments. To measure the tradeoffs associated,
the rooms were varied from two to four each. First, the results appear to show that the exam room
is more influential on throughput than procedure rooms, since in both situations where an exam
room was added, the throughput was increased much more than when a procedure room was added
(Scenario 1 vs Scenario 2 and Scenario 3, and Scenario 4 vs Scenario 5 and Scenario 6).
Interestingly, it appears that in some scenarios, that adding an additional procedure room has little
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to no impact on throughput. From these results, Scenario 2 was used to complete the staff and
patient mix analyses.

Figure 23: The high complexity low volume clinic room analysis for seven different room
configurations

The staffing analysis results are shown in Figure 24. The staffing policies that were tested
were generated by referring to the preliminary results, which noted that around a staffing level of
three each should meet the low patient volume requirement. To see if the three each were
necessary, or if a combination less could achieve the 20 patients/day throughput, the levels tested
were two to four for each of the three staff types. The main findings from the results are that
overall, the composition of staff is not that influential on throughput, as the total spread is only
around three patients from Scenario 1 to Scenario 9. However, looking a bit more carefully, it
becomes apparent that the marginal benefit of adding a doctor is the greatest compared to the
marginal benefit of a nurse or PA. There also appears to be an interaction effect, something that
could be further analyzed in future work.
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Figure 24: The high complexity low volume clinic staff analysis for nine staffing policies.

Next, patient mix analysis was conducted using the results of the preceding room
configuration and staffing analysis. The results of the analysis are shown in Figure 25. The
complete mix details for the 27 patient types are provided in Appendix A.3. For the demonstrative
purposes of this experiment, the patient mix scenarios range from equally likely, Scenario 1, to
various combinations for the 27 patient types. This analysis is limited due to the differences in
patient types, meaning a comparison cannot be made with the experiments conducted in 5.6.2 and
5.6.3. However, the patient mix combinations selected for this analysis will also be used in the
patient mix analysis for the high complexity high volume scenarios.
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Figure 25: The high complexity low volume clinic patient mix analysis for four patient mix
scenarios.

5.6.5 High Volume and High Complexity Experiment
The last experiment that was conducted on then general clinic was run under the low
volume and high patient complexity factors. The room configuration analysis conducted for the
range of 19 to 21 exam and procedure rooms from the results of the preliminary study. The results
of the room configuration analysis are shown in Figure 26. A remarkable observation is the little
to no impact that procedure rooms alone have on throughput. This is evident when looking at
Scenario 3, Scenario 4, and Scenario 5. The only thing that is changing here is the procedure rooms,
and the throughput seems to be unaffected. This result is expected as the same outcome was
observed in the other experiments. From this result, Scenario 6 was used for the proceeding staff
analysis.
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Figure 26: The high complexity high volume clinic results for seven room configurations.

The staffing analysis was run with the insights from the preliminary analysis. This
provided that the staff level needed to be around 14 to 17 of each staff type. Therefore, the
combinations were tested in that range for all three staff type. The results are shown in Figure 27.
These results show that the trends observed in the high complexity low volume experiment are
still evident as the volume increases, because the DR has the most impact on marginal
throughput increases, when compared to the PA and RN. These results also show how much
variation the system has, so while Scenarios 1 and 2 have means higher than the desired
throughput, the wide confidence interval indicates the staffing policy is underperforming often.
Therefore, Scenario 3 was selected as the most desirable and used to conduct the last patient mix
analysis.
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Figure 27: The high complexity high volume clinic results for nine staffing policies.

The patient mix analysis was conducted using the same mix percentages as tested in the
high complexity low volume experiment. The results are provided in Figure 28. The figure
shows some expected and unexpected results. First, Scenario 2 had the worst throughput, and
that was also observed in the high complexity low volume experiment. However, the unexpected
result comes from Scenario 4, where the throughput was near the highest in the high complexity
low volume experiment, but comparably much worse in this analysis. Due to the high complexity
patients of this clinic, the variation is greater, and this variation may be a cause for this
unexpected result.
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Figure 28: The high complexity high volume patient mix analysis for four mix scenarios.

With these four extensive experiments conducted, the general clinic demonstrates the
tradeoffs among the many possible combinations of rooms, staff and patient mix regarding
patient throughput that HCD-Sim can help identify. In the next section, a brief analysis was
completed to look at the tradeoffs from the perspective of resource utilization and the valueadded ratio for the patients.
5.6.6 Utilization Analysis
Aside from throughput, the utilization of resources is an important metric as the
calculation of utilization rates can lead to the identification of bottlenecks or inefficient uses of
resources. In this section, an analysis is conducted on the high complexity high volume clinic to
show the tradeoffs associated with the room configurations and staffing policies tested in Section
5.6.5 from a resource utilization perspective. The utilization metric was calculated by creating an
average utilization for the group of rooms active or staff working for the scenario.
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The room utilization for the room configuration analysis was first examined. As shown in
Figure 29, the exam rooms are the constraining factor in this clinic. With a utilization of almost
100%, this is the bottleneck. Looking at the treatment rooms, the utilization is much lower. This
information is very helpful to a planner as it provides insights as to where improvement
opportunities exist to increase throughput (adding more exam rooms), and where they would be
not as impactful (adding treatment rooms).

Figure 29: The high complexity high volume room utilization analysis. For scenario details, see
room configuration analysis in 5.6.5.

Transitioning to the staff utilization, Figure 30 provides the utilization of each of the staff
types under the scenarios specified in 5.6.5. The results indicate that the DR is the most utilized
among the staff in this clinic. Also, these results indicate which staff type is scheduled in excess,
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and could possibly be reduced, like the RNs. Future work can involve analyzing hourly utilization
metrics rather than daily if the clinic is very dynamic regarding demand. Overall, when using these
results and the results provided in Figure 29, the overall conclusion is still the same; the exam
rooms are constraining this system. This analysis was completed for demonstrative purposes, and
the other three experimental scenarios were not analyzed using this utilization approach.

Figure 30: The high complexity high volume staffing utilization analysis. For scenario details,
see staffing analysis in 5.6.5.

5.7 General Experiment Conclusions
From the four experiments conducted, HCD-Sim provided results that increased the
understanding of how each clinic would be impacted by changing the room configuration, staffing
schedule and patient mix. These experiments provide answers to the original questions the clinic
was inquiring about. First, the results provided insights that in all four experiment the exam room
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has more impact on throughput that the treatment room. Additionally, the exam room is the
bottleneck in this clinic, so if the clinic is expecting growth in the future, then adding more exam
rooms would be the best use of resources. Secondly, the staffing analyses show that the DR and
RN are the most influential staff types on performance depending on the complexity of the clinic.
Thirdly, the capacity limits of the clinic were identified in the preliminary analysis and found the
maximum number of patients that can be seen in the clinic according to the room and staff level.
Lastly, the patient mix was found to impact the system, as it changes the resource requirements for
the clinic.
This general clinic example provides a demonstration to the type of in-depth analysis that
can be completed with HCD-Sim. As shown in this experiment, HCD-Sim can represent a large
class of clinics, both low and high patient volume, and both low and high patient complexity.
HCD-Sim provides a foundation to examine clinic design alternatives from an operational
perspective by understanding capacity limits, resource utilizations, and patient value-added time.
This is a step forward in generalizable models that can be built upon to perform more analyses to
better understand the impact of design on other performance metrics. In the next section, the BMT
clinic application is discussed.
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6 Bone Marrow Transplant Clinic Application
A major motivation for this thesis is a BMT Clinic who is interested in understanding how
design alternatives would impact the performance of their clinic. The clinic was in the early stages
of planning a move to a new physical space and was seeking to understand the tradeoffs associated
with different clinic designs and staffing policies on the performance and capacity.
HCD-Sim was used to develop a BMT Clinic model. This application served as a validation
for the framework and provided an opportunity to apply HCD-Sim to a real clinic and demonstrate
the types of problems that can be studied using the framework. In this section, the BMT Clinic
application is discussed. The discussion will start with a system description from an operational
perspective, along with the questions the clinic was seeking answers for. Then the BMT HCD-Sim
model is introduced, followed by the experimental design and results. The section concludes with
the design recommendations and the main takeaways that were provided to the clinic.

6.1 Bone Marrow Transplant Overview
A bone marrow transplant (BMT) is a medical procedure used to treat hematologic
malignancies, or cancers that originate from the blood. For patients who do not respond to
traditional protocols, like chemotherapy, radiation, or immunotherapy, a BMT offers “a potentially
life-saving alternative treatment plan,” (Canonica, 2016). BMT is a “procedure by which diseased
bone marrow is eradicated and replaced with healthy stem cells, which serve as progenitors for
new, functional bone marrow,” (Canonica, 2016). The process for a BMT is very intense and
involved for patients. To fully eradicate diseased bone marrow, the patient undergoes several
cycles of high dose chemotherapy or radiation to suppress the immune system. This suppression
allows for engraftment of the stem cells (Copelan, 2006). During these cycles, the patient is
traditionally admitted and treated as an inpatient due to the immune suppression and the effects of
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the treatment. After the healthy stem cells are infused, the patient is kept in a hospital setting to
allow for immediate intervention if side effects develop. Fortunately, most patients that receive a
BMT do not develop side effects (Hahn, 2000). As a result, the BMT process is very resource
intensive for a hospital, since a patient is monitored for more than 30 consecutive days (Canonica,
2016). To find more information about the BMT procedure and medical details, see (Hahn, 2000)
;(Canonica, 2016); and (Copelan, 2006).

6.2 Motivation
The BMT Clinic performs a variety of services and is currently growing to treat more
patients. Because of this growth, the clinic was planning to relocate to a larger physical space in
the hospital. This move provides the clinic a unique opportunity to design the clinic in a manner
that can accommodate the new demands of the clinic. The framework in this thesis is applied to
the BMT clinic to provide a method to evaluate different design alternatives and experiment to
gain a better understanding of impact of staffing and clinic design on the clinical operations.

6.3 System Description
The BMT Clinic offers care to many types of patients. The patients are all similar in that
they are affected by cancer but differ in their specific diagnosis and stage of treatment. Currently,
there are more than two dozen patient flows that occur in the BMT clinic, and more are expected
with the implementation of new procedures. The complete provided list of all Patient Tasks Types
that visit the clinic is shown in Appendix B.1. This section will describe how patients flow in the
clinic.
When a patient arrives to the clinic, the first step is to check in at the reception desk. During
the check in process, the patient occupies the waiting room until an exam room is available. When
an exam room is available, the health care assistant (HCA) or nurse escort the patient to the vitals
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station. The patients move to four possible locations after their vitals are taken. Depending on the
patient’s visit requirements, the patient will either be moved to the consult, exam, surgery, or
infusion room, as shown in Figure 31. For patients that require a transplant coordinator, the patient
will be moved to the consult room and meet with the coordinator.
Surgery
Room

Check Out

Exam
Room

Check in

Waiting
Room

Vitals
Taken
Infusion
Room
Re-Admitted
to Hospital
Ward
Consult
Room

Figure 31: The possible BMT Clinic patient flows.

The patients that require assessment are taken to the exam rooms. In the exam rooms, the
patient sees a combination of the nurse, physician assistant and/or doctor, depending on their visit
requirements. After the patient has been seen by the staff required for their treatment, they are
either moved to check out and leave the clinic, the infusion room where they receive additional
treatments, or readmitted to the inpatient hospital ward. An important note about the infusions is
that if an infusion chair is not available after the exam room assessments, the patient will receive
their infusion in the exam room. This is an opportunity for improvement the clinic pointed out,
because the exam room could be available for the next patient if there was adequate infusion space.
Lastly, patients that staff determine need inpatient care are readmitted to the hospital ward which
is not in the clinic.
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Patients that require an infusion only are moved directly from the vitals station to the
infusion room. They can potentially be moved to the exam room if any adverse events occur that
require staff intervention. The patients with a consultation appointment will be moved to the
consult room once available and meet with staff.
The surgery room is predominately used for surgeries, as it contains all the proper
equipment. However, if there are no surgeries scheduled, the surgery room can act like an exam
room and be used for patient assessments. The clinic advised that the logic they use to determine
if a non-surgery patient can be assigned to the surgery room is to check if there are any surgeries
scheduled for the day. For example, the clinic will look to see if there are any surgeries scheduled
in the morning (6am-12pm) and afternoon (12pm-6pm). If there are any surgeries scheduled, then
the surgery room will be reserved and not used by non-surgery patients until the scheduled
surgeries have finished.
The operations of the clinic are complex due to the large variation of patients and the many
different activities each patient requires during their visit along with staff. In the next section, the
questions the BMT Clinic wanted analyzed are discussed.

6.4 Problem Description
The framework is used to answer specific questions the BMT Clinic has about their
operations. These questions are related to planning of patients, the impact of certain design
parameters on clinical performance, and the quantification of tradeoffs between different system
configurations. Like the questions that will be assessed for the generic clinic, the BMT Clinic is
looking to understand what the capacity limits are on their current system. This is very important
due to the growing nature of their clinic. The specific questions the BMT Clinic asked are shown
below.
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1. What is the impact of staff scheduling on the clinic performance?
1.1. What is the constraining staff type on performance?
2. What is the impact of the room configurations on clinic performance?
3. What are the tradeoffs associated with different scheduling policies and room
configurations?
In the next section, the BMT Clinic model built from HCD-Sim is discussed.

6.5 HCD-Sim BMT Clinic Model
With the questions finalized, HCD-Sim was used to develop a BMT clinic model. In this
section, the BMT clinic model is discussed. The model inputs, clinic design variables,
performance metrics, experimental design, and validation are included in this discussion.
6.5.1 Model Inputs
The main model inputs for the BMT clinic are the patient type data and clinical activity
data. The BMT clinic had 27 patient types during the time of development of the model. For each
patient, the activities required are listed and recorded. Additionally, each activity had separate
tasks, so these were also identified and recorded. The complete listing of patient types and
activities is listed in Appendix B.1. Next, the locations where each activity could occur were
identified. This enabled the framework to route patients in the clinic. Lastly, for each activity, the
staff resources are specified and recorded. This data was collected by both in person observations
and estimates provided by the clinic. With all the data identified and collected, the data was
imported to the model.
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6.5.2 Clinic Design Variables and Performance Metrics
The decision variables the clinic is interested in manipulating are the staffing levels and
room configurations. For each staff and room type, the BMT clinic provided feasible ranges. These
limits are provided in Table 4. These limits are used in the experiments design of the analysis. The
performance metrics the clinic is interested in using for the evaluation were patient wait time,
clinic throughput, and resource utilizations.
Table 4: The feasible parameter ranges for the BMT Clinic room configuration and staffing
policies.
Parameter
Doctor
Advanced Practice Provider (APP)
Nurse
Receptionist
Exam Rooms
Surgery Rooms
Infusion Chairs
Consult Rooms

Lower Feasible Limit
1
4
3
1
7
1
3
1

Upper Feasible Limit
2
7
6
2
10
1
5
1

6.5.3 Verification and Validation
The BMT clinic model built from the HCD-Sim was verified and validated by comparing
the simulation output to actual operational performance and discussing the result with the clinic.
Two independent days were observed in the BMT clinic. For each day, the BMT clinic recorded
each patient that was at the clinic, identified their patient type, and documented their arrival and
departure time. This data was then distilled and fed into the BMT model. The BMT model was
modified to create patients by an appointment table. Appointment tables were then created for
each day specifying the patient type and arrival time. The model was also modified so the
simulated day would end once all the patients left the clinic, rather than specifying a day length.
Additionally, the clinic provided the number or infusions that were performed for each day. This
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was helpful because the model utilized probabilities to determine if a patient needs an infusion,
so the probability inputs were also verified. The model was run twice, once for each day, for 100
replications using the appointment schedule. The results were then compared to the actual
observed values for total run length and infusions completed.
The results of this exercise concluded that the model inputs were correct and verified. As
shown in Table 5, the model was within 10 minutes out of a 10-12 hour day, of the actual clinic
finish time for both days (3.6 minutes fast out of 10.66 hour long day for the first trial, and 7.8
minutes slow out of a 11.22 hour long day for the second trial). Additionally, the number of
infusions was also verified as it was within 1 for both trials. These results were validated by the
clinic and the model was deemed to be representative of the actual clinic operations.
Table 5: The validation results comparing the actual clinic hours required to see all patients
scheduled and infusions completed against the model results.
Validation Trial
1
2
DRs
1
1
APPs
3
5
RNs
4
5
HCAs
1
1
Input Parameter
Receptionist
1
1
Exam Rooms
7
7
Infusion Rooms
3
3
Surgery Rooms
1
1
Consult Rooms
1
1
Hours Required (Hours)
10.66
11.22
Clinic Recorded Metrics
Infusions Completed
6
8
Average Run Length (Hours)
10.60
11.35
Run Length 95% Half Width
0.033
0.071
Model Results
Average Infusions Completed
6.90
8.02
Infusions 95% Half Width
0.164
0.124
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6.5.4 Experimental Design
Several experiments were conducted to analyze the questions asked by the BMT Clinic as
discussed in section 6.4. In this section, the design of these several experiments is explained.
Multiple experiments were conducted to look at these questions from different operational
perspectives, throughput, patient wait time, and resource utilization. All the experiments that were
conducted are shown in Table 6.
The first experiment examines the impact of staffing on clinic throughput. The experiment
is conducted by running the model for each possible configuration of staffing, with the room
configuration remaining constant at the clinic’s current layout (7 exam rooms, 3 infusion chairs,
and 1 surgery room). This experiment is attempting to determine the theoretical maximum
throughput and staff utilization, so the model is set up to create 100 patients at the beginning of
each day and run for 12 hours (the length of operations for the clinic). The 100 patients are assigned
a patient type based off the yearly probability of each patient type, which is shown in Appendix
B.2. Each day was replicated 100 times.
The second experiment examines the impact of staffing from patient wait time and run
length perspective. The experiment utilizes the validation trial 2 appointment schedule (provided
in Appendix B.4) to create 39 patients. The model uses different staffing levels and the resulting
average patient wait times and time required to see all 39 patients is recorded. Each experimental
scenario is run for 50 replicates.
The validation trial 2 appointment schedule was used because the analysis was not focused
on patient scheduling, so using an actual schedule helped to produce results that would be more
realistic. The clinic was concerned that if the model generated completely random patients based
off the probabilities of each patient type, the resulting schedule could be unrealistic and skew the
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wait times and run length metrics (for example, having a multiple-hour surgery patient scheduled
for late in the afternoon). Future work could include examining patient scheduling and the impact
on performance.
The third and fourth experiments follow the same procedure as the first and second
experiment respectively but examine the impact of room configurations on performance. Using
the feasible limits provided by the clinic, multiple room configurations are tested using a constant
staffing level. In the next section the results of these four experiments are provided along with
interpretation.
Table 6: The four experiments conducted for the BMT clinic. Each experiment is shown with the
analysis type and brief description of how it was completed.
Experiment Analysis Type
Number
1
Staffing Analysis

2

Staffing Analysis

3

Room Analysis

4

Room Analysis

Experimental Description
Creating 100 patients, measuring throughput and resource
utilization for 12-hour run using different staffing
schedules
Using validation trial 2 appointment schedule, measure
time to finish and patient wait times for different staffing
schedules
Creating 100 patients, measuring throughput and resource
utilization for 12-hour run using different room
configurations
Using validation trial 2 appointment schedule, measure
time to finish and patient wait times for different room
configurations

6.6 Results
The results of the four experiments are provided in this section. Each experiment was run
using the BMT clinic model developed from HCD-Sim. The results are discussed along with
interpretation.
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6.6.1 Experiment 1 – Max Throughput Staffing Analysis
Experiment 1 examines the impact of staff scheduling on the capacity of the current clinic.
The results of the experiment were analyzed from the perspective of patient throughput and staff
utilization, as shown in Figure 33 and Figure 34 respectively. The main finding of this experiment
was how influential the receptionist is on the operations. While unexpected, as the BMT Clinic
was more interested at the start to see how RNs and APPs impacted performance, the receptionist
was the limiting staff type. This was supported by the near 100% utilization for scenarios 1-8
where only one receptionist is working. After further review, this finding makes sense because this
analysis consisted of creating a large batch of patients and the receptionist controls when a patient
enters the clinic.
The other finding of this analysis is that the other staff types do not appear to impact
throughput. Additionally, Figure 34, shows that the DR, RN, and APP utilizations each are
relatively low meaning there is excess capacity.
This analysis shows the main tradeoffs with employing these 16 staffing schedules on
patient throughput and utilization. For example, by adding doctors, the patient throughput
increases in general, but at the same time the utilization of the doctors decreases. Likewise, the
tradeoff between throughput and staff utilization are shown for all the staff types. Additionally,
the experiment shows how much variation there is in the clinic itself, as displayed by the large
95% confidence intervals.
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Figure 32: The maximum patient throughput results from Experiment 1, for a 12-hour day with
different staff scheduling policies.

Figure 33: The staff utilization results for Experiment 1.
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6.6.2 Experiment 2 –Patient Wait Time and Run Length Staffing Analysis
The next experiment looks at the impact of staffing on a realistic patient schedule. As
discussed in 6.5.4, the 39 patient appointments from the validation trial 2 are used to complete this
analysis. The first part of this analysis examines the impact of staffing on run length. The run
length analysis is shown in Figure 35 using the same 16 staffing policies as Experiment 1. As
anticipated, the results show that as more staff members are working, the time required to finish
the 39 patients decreases. Interestingly, the main result of Experiment 1, that receptionists are the
bottleneck, is not replicated in this experiment. While initially surprising, this result is expected
because there isn’t a large crowd of patients waiting to enter to clinic like Experiment 1, and rather
they are scheduled to arrive throughout the day. Additionally, the marginal improvements in run
length are shown by adding additional staff. This analysis could be incorporated with an overtime
metric in the future work to include a financial component to this analysis.
The patient wait time analysis for 16 staffing policies is shown in Figure 36. The main
finding is that patients wait on average less when more staff members are working. There are a
few interesting observations from this analysis, like how unaffected the wait times are by having
more nurses working. This is shown by looking at scenarios 2 through 4 and 10 through 12. It
appears that the wait time plateaus even though more nurses are working in both situations.
Likewise, the large impact of doctors is shown. Full utilization statistics for these 16 staffing
policies are shown in Appendix B.5.
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Figure 34: Experiment 2; run length results for scheduled patients using 16 different staffing
policies.

Figure 35: Experiment 2; patient wait time results for scheduled patients using 16 different
staffing policies.
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6.6.3 Experiment 3 – Max Throughput Room Configuration Analysis
Experiment 3 examines the impact of exam rooms and infusion chairs on clinic
performance. Like Experiment 1, the experiment contained two analysis, maximum patient
throughput and resource utilizations, and the staffing levels remained constant for all scenarios (1
DR, 5 APP, 5 RN, 1 Receptionist). The results for the maximum patient throughput analysis,
shown in Figure 36, show that the clinic performance is impacted very little by different room
configurations. This conclusion is expected after the identification of the receptionist as being the
limiting factor in Experiment 1, and this experiment was conducted using the current staffing
schedule. As shown in Figure 38. The room utilization for each room configuration identify that
the exam room is generally more utilized than the infusion chairs. Additionally, as more room are
added, the rooms become less utilized, indicating a tradeoff.
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Figure 36: The maximum patient throughput results from Experiment 3, for a 12-hour day with
different room configurations.

Figure 37: The room utilization results for Experiment 3.
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6.6.4 Experiment 4 - Patient Wait Time and Run Length Room Configuration Analysis
The last experiment examines the impact of different room configuration on clinic
performance using the scheduled arrivals. The same six room configurations from Experiment 3
were tested. The first analysis looks at the time for the clinic to finish the 39 scheduled patients,
shown in Figure 39. The results show that overall rooms do not impact the time the clinic needs to
be open to see all 39 patients, because the spread for the six configuration is less than .5 hours.
This result supports the finding from the maximum throughput analysis.
The second analysis studies the impact of room configuration on patient wait times. The
results are shown in Figure 40. They support the expected result that as the clinic increases rooms,
the wait times deceases. However, there appear to be a diminishing returns effect occurring in the
clinic, because from Scenarios 3 through 6, the wait time reduces very little as more rooms are
added. In the next section, the recommendations are provided.
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Figure 38: Experiment 4; run length results for scheduled patients using 6 room configurations.

Figure 39: Experiment 4; patient wait time results for scheduled patients using 6 different room
configurations.
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6.7 Discussion and Recommendations
From these four experiments, the impact of staff and rooms on the clinic’s performance is
identified. The main findings are that the receptionist is the constraining staff type in the clinic if
maximum throughput is the main concern. However, when running the model in a representative
fashion with patient appointments, the receptionist isn’t the bottleneck. Future work could look at
examining how to schedule the clinic to improve performance.
The recommendation from the room configuration analysis is that while changing the mix
of exam and infusion rooms did change the performance, the rooms are far less influential than
staffing changes when looking at maximum throughput. This interesting finding is the opposite of
what the clinic suspected (they believed that rooms were the constraining element). This result is
helpful for the clinic as it informs them that they should focus more on the levels of staff to improve
clinic performance.
These results and recommendations were provided to the BMT clinic. They were very
interested in findings and happy with the type of analysis that is possible with the HCD-Sim. They
are gathering more data to further test the model using different appointment schedules.

6.8 Limitations
While these experiments were completed to provide a wholistic overview of the BMT
clinic operations and the impact of rooms and staff, there are some limitations. First, experiments
2 and 4 should be replicated with different patient schedules. As discussed in the section 6.5.4, a
good extension on this analysis would be to generate completely random, but representative, day
schedules to test the impact or staffing levels and room configurations on patient wait times and
clinic run lengths. This would allow for the staffing policies and room configurations to be tested
more completely and more tradeoffs identified. Second, the clinic model does not include activities
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that are required for patients that are not in the clinic, like work that originated from phone calls.
Lastly, the model does not include cross training. Meaning, each staff type only completes the
activities that are their core responsibility and staff members will not help others. Future work can
include these elements to enhance the usefulness of the results.

7 Conclusions and Future Work
HCD-Sim provides a step forward in generalizable, data driven, healthcare clinic
operational models. HCD-Sim provides a method to create the majority of model using
generalizable concepts thus preventing the need to develop clinic models from scratch. HCD-Sim
allows for the patient to be identified along with their routing, complex clinic activities to be
defined, and clinic resources to be easily manipulated via the use of tables. Additionally, the table
structure that is the foundation for the framework provides the model to be almost completely
developed through data. This thesis allows for the users of HCD-Sim models to focus on
customizing the models so they can be as representative as possible.
As demonstrated by the general experiment and BMT Clinic application, HCD-Sim can
represent both large and small clinics with complex or simple patient types. This thesis
demonstrated the capacity analysis use case for HCD-Sim, but other use cases are possible. The
data driven approach allow for many what-if questions to be tested without having to change model
logic.
While HCD-Sim is capable to develop complex clinic models, there are future
opportunities to make HCD-Sim capable of modeling more of the clinic using generalizable
concepts. Currently, HCD-Sim will develop most of the model, but more intricate logic still needs
to be added to make the model representative of a specific application’s clinic. For example, future
work could include developing a generalizable method for determining how staff decide which
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patient to treat next when multiple patients are waiting. Additionally, financial constraints could
be implemented to provide experiments that examine the financial impact of design elements. The
impact of hourly staff schedules could also be added to HCD-Sim.
HCD-Sim can also be expanded in future work to incorporate testing the impact of different
appointment schedules on clinic performance. Furthermore, different types of arrival patterns can
be included, like non-homogenous demands. This is a large topic of research, and HCD-Sim could
be applied to those problems.
Lastly, HCD-Sim could be further expanded to other healthcare domains, like emergency
rooms, or hospital models. Due to the scalable and flexible nature of framework, the models are
not limited by any size constraints so entire hospitals could be modeling using the concepts
developed in this thesis.
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Appendix A: General Clinic Experiment Data
This appendix contains the complete data from the general experiment. This data includes the
complete patient type data for the both clinics (A.1). Additionally, graphical summaries for the
low and high complexity preliminary analysis is provided in A.2. Lastly, the entire patient mix
percentages for the patient mix analysis conducted in Section 5.6.4 is provided.

A.1 General Clinic Patient Types
This appendix contains all the patient types for the general clinic experiment. The first 6 are
common among the high and low patient complexity clinics.
Patient
Task Type

Location

Activity

Tasks

Task
Resource
Rqmts

Task Time
Duration (mins)

1

Reception

Check-In

Check In

Receptionist

Uniform (2,5)

Wait Room

Registration
Paperwork
Vitals

Complete
Paperwork
Take Vitals

RN

Triangular (5,10,15)

RN Assessment

RN

Triangular (5,10,15)

Medication
Review
Provider/Patient
Q/A
Assessment
PA Gathers
Supplies
Anesthesia is
given to patient
DR Preparation

DR

Normal (15,2)

DR

Triangular (2,5,7)

DR
PA

Uniform (10,15)
Uniform (2,5)

PA

Normal (20,5)

DR

Exponential (15)

Procedure
Performed
Clean Up

DR

Triangular (10,15,20)

PA

Normal (4,1)

Vitals Station

Exam Room

Procedure
Room

DR
Assessment

Procedure A

Exponential (5)

Patient Recovery
Reception

Check-Out

Check Out

Uniform (2,4)
Receptionist

Triangular (3,5,7)
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A.1 Continued
Patient
Task Type

Location

Activity

Tasks

2

Reception

Check-In

Check In

Wait Room

Registration
Paperwork
Vitals

Complete
Paperwork
Take Vitals

RN

Triangular (5,10,15)

RN Assessment

RN

Triangular (5,10,15)

Medication
Review
Provider/Patient
Q/A
Assessment
Surgery
Preparation
Surgery
Preparation
Clean Up

DR

Triangular (15,20,25)

DR

Triangular (15,20,25)

DR
RN

Triangular (15,20,25)
10

PA

Uniform (10,15)

RN

5

Vitals Station

Exam Room

Procedure
Room

3

DR
Assessment

Procedure B

Task
Resource
Rqmts
Receptionist

Task Time
Duration (mins)
Triangular (3,5,7)
Exponential (5)

Reception

Check Out

Check Out

Receptionist

Triangular (3,5,7)

Reception

Check-In

Check In

Receptionist

Triangular (3,5,7)

Wait Room

Registration
Paperwork
Vitals

Complete
Paperwork
Take Vitals

RN

Triangular (5,10,15)

RN Assessment

RN

Triangular (5,10,15)

Medication
Review
Provider/Patient
Q/A
Assessment

RN

10

RN

Uniform (10,15)

RN

Triangular (10,15,20)

Preparation

PA

20

Surgery

DR & PA

Triangular (20,30,40)

Clean Up

RN

10

Check Out

Receptionist

Triangular (3,5,7)

Vitals Station

Exam Room

Procedure
Room

Reception

RN
Assessment

Procedure C

Check Out

Exponential (5)
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A.1 Continued
Patient
Task Type

Location

Activity

Tasks

4

Reception
Wait Room

Check-In
Registration
Paperwork
Vitals

Check In
Complete
Paperwork
Take Vitals

Receptionist

Triangular (3,5,7)
Exponential (5)

RN

Triangular (5,10,15)

RN Assessment

RN

Triangular (5,10,15)

Medication
Review
Provider/Patient
Q/A
Assessment

PA

Triangular (5,10,15)

PA

Uniform (2,5)

PA

Exponential (10)

PA Gathers
Supplies
Anesthesia is
given to patient

PA

10

PA

30

DR Preparation

DR

Uniform (10,20)

Procedure
Performed
Clean Up

DR

Uniform (30,40)

PA

Normal (5,1)

Vitals Station

Exam Room

Procedure
Room

PA
Assessment

Procedure A

Task
Resource
Rqmts

Patient Recovery

5

Task Time
Duration (mins)

Uniform (10,1)

Reception

Check-Out

Check Out

Reception

Check-In

Check In

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

RN

Triangular (1,5,10)

RN Assessment

RN

Triangular (3,5,7)

Medication
Review
Provider/Patient
Q/A
Assessment

PA

10

PA

Uniform (10,15)

PA

Triangular (10,15,20)

Preparation

PA

20

Surgery

DR & PA

Triangular (20,30,40)

Clean Up

RN

10

Exam Room

Procedure
Room

Exam Room

Reception

PA
Assessment

Procedure C

Receptionist
Receptionist

Triangular (3,5,7)
5
10

Post
Procedure
Check

Patient
Recovery
RN Check

Triangular (10,15,20)
RN

5

Check-Out

Check Out

Receptionist

Triangular (3,5,7)
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A.1 Continued
Patient
Task Type

Location

Activity

Tasks

Task
Resource
Rqmts

Task Time
Duration (mins)

6

Reception

Check-In

Check In

Receptionist

1

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

RN

Triangular (1,5,10)

Exam Room

DR
Assessment
New Patient

RN Assessment
Chart Review
in workroom

RN
DR

Triangular (3,5,7)
10

Medication
Review
Provider/Patient
Q/A
Assessment

DR

Uniform (10,15)

DR

Triangular (20,25,30)

DR

Triangular (10,15,20)

Preparation

RN

5

Procedure
Room

7

Procedure D

10

Possible Order
Delay (50%)
Infusion

Uniform (5,15)
RN

Triangular (20,30,40)

Clean Up

RN

10

Reception

Check-Out

Check Out

Receptionist

Triangular (3,5,7)

Reception

Check-In

Check In

Receptionist

4

Wait Room

Registration
Paperwork
Vitals

Complete
Paperwork
Take Vitals

RN

Triangular (1,5,10)

RN Assessment

RN

Triangular (3,5,7)

Medication
Review
Provider/Patient
Q/A
Assessment

DR

Normal (15,2)

DR

Triangular (2,5,7)

DR

Uniform (10,15)

Vitals Station

Exam Room

Procedure
Room

DR
Assessment

Procedure E

Order Delay
(50%)
RN Gathers
Supplies
DR Preparation
Procedure
Performed
Clean Up

Exam Room

Reception

Exponential (7)

15
RN

Uniform (5,10)

DR

Exponential (20)

DR

Triangular (10,15,20)

RN

Normal (20,1)

Post
Procedure
Check

Patient
Recovery
DR Check

Uniform (10,20)
DR

5

Check-Out

Check Out

Receptionist

Triangular (1,2,3)
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A.1 Continued
Patient
Task Type

Location

Activity

Tasks

Task
Resource
Rqmts

Task Time
Duration (mins)

8

Reception

Check-In

Check In

Receptionist

3

Wait Room

Registration
Paperwork

Complete
Paperwork

Exam Room

DR
Assessment

Medication
Review
Provider/Patient
Q/A
Assessment

DR

Triangular (3,5,7)

DR

Exponential (15)

DR

Uniform (10,15)

PA Gathers
Supplies
Anesthesia is
given to patient

PA

Uniform (4,10)

PA

Uniform (10,15)

DR Preparation

DR

Exponential (10)

Procedure
Performed
Clean Up

DR

Triangular (7,10,15)

PA

Uniform (1,5)

Procedure
Room

9

Reception

Check-Out

Patient
Recovery
Check Out

Reception

Check-In

Check In

Wait Room

Registration
Paperwork
Vitals

Complete
Paperwork
Take Vitals

RN

Triangular (5,10,15)

RN Assessment

RN

Triangular (5,10,15)

Vitals Station

10

Procedure A

Exponential (7)

Uniform (10,20))
Receptionist

Triangular (3,5,7)

Receptionist

Uniform (2,5)
Exponential (5)

Reception

Check-Out

Check Out

Receptionist

Triangular (3,5,7)

Reception

Check-In

Check In

Receptionist

Uniform (2,5)

Wait Room

Registration
Paperwork

Complete
Paperwork

Exam Room

DR
Assessment

Medication
Review
Provider/Patient
Q/A
Assessment

DR

Triangular (3,5,7)

DR

Exponential (15)

DR

Uniform (10,15)

Check Out

Receptionist

Triangular (3,5,7)

Reception

Check-Out

Exponential (5)
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A.1 Continued
Patient
Task Type

Location

Activity

Tasks

Task
Resource
Rqmts

Task Time
Duration (mins)

11

Reception
Wait Room

Check-In
Registration
Paperwork
Vitals

Check In
Complete
Paperwork
Take Vitals
RN Assessment
Medication
Review
Provider/Patient
Q/A
Assessment
Order Delay
(50%)
RN Gathers
Supplies
DR Preparation
Procedure
Performed
Clean Up
Patient
Recovery
Preparation

Receptionist

4
Exponential (7)

RN
RN
DR

Triangular (1,5,10)
Triangular (3,5,7)
Normal (15,2)

DR

Triangular (2,5,7)

DR

Uniform (10,15)
15

RN

Uniform (5,10)

DR
DR

Exponential (20)
Triangular (10,15,20)

RN

Normal (20,1)
Uniform (10,30)

PA

20

Surgery
Clean Up

DR & PA
RN

Triangular (20,30,40)
10

Vitals Station
Exam Room

Procedure
Room

12

Procedure E

Exam Room

Recovery

Procedure
Room

Procedure C

Reception

Check-Out

Check Out

Receptionist

Triangular (3,5,7)

Reception

Check-In

Check In

Receptionist

Uniform (2,5)

Wait Room

Registration
Paperwork
PA
Assessment

Complete
Paperwork
Medication
Review
Provider/Patient
Q/A
Assessment

Exam Room

13

DR
Assessment

Exponential (5)
PA

Triangular (3,5,7)

PA

Exponential (5)

PA

Uniform (5,10)

Reception

Check-Out

Check Out

Receptionist

Triangular (1,2,3)

Reception
Wait Room

Check-In
Registration
Paperwork

Check In
Complete
Paperwork

Receptionist

Uniform (1,5)
Exponential (7)

Vitals Station

Vitals

Take Vitals

RN

Triangular (1,5,10)

RN Assessment

RN

Triangular (3,5,7)

RN Preparation

RN

Uniform (5,10)

Infusion
Clean Up

RN

Triangular (10,15,20)
Exponential (5)

Check Out

Receptionist

Triangular (1,2,3)

Exam Room

Reception

Infusion A

Check-Out
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A.1 Continued
Patient
Task Type

Location

Activity

Tasks

Task
Resource
Rqmts

Task Time
Duration (mins)

14

Reception

Check-In

Check In

Receptionist

Uniform (1,5)

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

PA

Triangular (1,5,10)

PA Assessment

PA

Triangular (3,5,7)

15

Reception

Check-Out

Check Out

Receptionist

Triangular (1,2,3)

Reception

Check-In

Check In

Receptionist

Uniform (1,5)

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

PA

Triangular (1,5,10)

PA Assessment

PA

Triangular (3,5,7)

Exam Room

PA
Assessment

Medication
Review
Provider/Patient
Q/A
Assessment
RN Preparation
Injection

PA

10

PA

Uniform (10,15)

PA
RN
RN

Triangular (10,15,20)
5
1

Clean Up

RN

5

Receptionist
Receptionist

Triangular (1,2,3)
Uniform (1,5)

Procedure
Room

16

Exponential (7)

Injection A

Reception
Reception

Check-Out
Check-In

Check Out
Check In

Wait Room

Registration
Paperwork
DR
Assessment
New Patient

Complete
Paperwork
Chart Review
in workroom

Exam Room

Procedure
Room

Reception

Injection A

Check-Out

Exponential (7)

Exponential (7)
DR

10

Medication
Review
Provider/Patient
Q/A
Assessment

DR

Uniform (10,15)

DR

Triangular (20,25,30)

DR

Triangular (10,15,20)

RN Preparation

RN

5

Injection

RN

1

Clean Up

RN

5

Check Out

Receptionist

Triangular (1,2,3)
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A.1 Continued
Patient
Task Type

Location

Activity

Tasks

Task
Resource
Rqmts

Task Time
Duration (mins)

17

Reception

Check-In

Check In

Receptionist

Triangular (3,5,7)

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

RN

Triangular (5,10,15)

RN Assessment

RN

Triangular (5,10,15)

Medication
Review
Provider/Patient
Q/A
Assessment

PA

Triangular (5,10,15)

PA

Uniform (2,5)

PA

Exponential (10)

Exam Room

18

PA
Assessment

Triangular (5,10,15)

Reception

Check-Out

Check Out

Receptionist

Triangular (3,5,7)

Reception

Check-In

Check In

Receptionist

4

Wait Room

Registration
Paperwork

Complete
Paperwork

Exam Room

DR
Assessment

Medication
Review
Provider/Patient
Q/A
Assessment

DR

Normal (15,2)

DR

Triangular (2,5,7)

DR

Uniform (10,15)

PA Gathers
Supplies
Anesthesia is
given to patient

PA

Uniform (2,5)

PA

Normal (20,5)

DR Preparation

DR

Exponential (15)

Procedure
Performed
Clean Up

DR

Triangular (10,15,20)

PA

Normal (4,1)

Procedure
Room

Exam Room

Procedure A

Infusion A

Patient
Recovery
RN Preparation

Exponential (6)

Uniform (2,4)
RN

Infusion

Procedure
Room

Reception

Procedure C

Check-Out

Uniform (5,10)
Triangular (10,15,20)

Clean Up

RN

Exponential (5)

Preparation

PA

20

Surgery

DR & PA

Triangular (20,30,40)

Clean Up

RN

10

Check Out

Receptionist

Triangular (3,5,7)
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A.1 Continued
Patient
Task Type

Location

Activity

Tasks

Task
Resource
Rqmts

Task Time
Duration (mins)

19

Reception

Check-In

Check In

Receptionist

Triangular (1,2,3)

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

RN

Triangular (10,12,16)

RN Assessment

RN

Triangular (10,12,16)

Medication
Review
Provider/Patient
Q/A
Assessment

DR

Triangular (10,12,15))

DR

Triangular (10,12,15))

DR

Triangular (10,12,15))

Surgery
Preparation
Surgery
Preparation
Clean Up

RN

10

PA

10

RN

5

Exam Room

Procedure
Room

20

DR
Assessment

Procedure B

Exponential (6)

Reception

Check Out

Check Out

Receptionist

Triangular (3,5,7)

Reception

Check-In

Check In

Receptionist

Triangular (3,5,7)

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

RN

Triangular (5,10,15)

RN Assessment

RN

Triangular (5,10,15)

Medication
Review
Provider/Patient
Q/A
Assessment

RN

10

RN

Uniform (10,15)

RN

Triangular (10,15,20)

Preparation

PA

10

Surgery

DR & PA

20

Clean Up

RN

10

Check Out

Receptionist

Triangular (3,5,7)

Exam Room

Procedure
Room

Reception

RN
Assessment

Procedure C

Check Out

Exponential (5)
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A.1 Continued
Patient
Task Type

Location

Activity

Tasks

Task
Resource
Rqmts

Task Time
Duration (mins)

21

Reception

Check-In

Check In

Receptionist

Triangular (3,5,7)

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

RN

Triangular (5,10,15)

RN Assessment

RN

Triangular (3,4,6)

Medication
Review
Provider/Patient
Q/A
Assessment

PA

Triangular (5,10,15)

PA

Uniform (2,5)

PA

Exponential (10)

PA Gathers
Supplies
Anesthesia is
given to patient

PA

10

PA

20

DR Preparation

DR

Uniform (10,20)

Procedure
Performed
Clean Up

DR

Uniform (30,40)

PA

Normal (5,1)

Exam Room

Procedure
Room

22

PA
Assessment

Procedure A

Exponential (5)

Reception

Check-Out

Patient
Recovery
Check Out

Reception

Check-In

Check In

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

RN

Triangular (1,5,10)

RN Assessment

RN

Triangular (3,5,7)

Medication
Review
Provider/Patient
Q/A
Assessment

PA

10

PA

Uniform (10,15)

PA

Triangular (5,8,9)

Medication
Review
Provider/Patient
Q/A
Assessment

DR

1

DR

Triangular (10,12,15))

DR

Triangular (10,12,15))

Check Out

Receptionist

Triangular (3,5,7)

Exam Room

Exam Room

Reception

PA
Assessment

DR
Assessment

Check-Out

Uniform (10,1)
Receptionist

Triangular (3,5,7)

Receptionist

5
10
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A.1 Continued
Patient
Task Type

Location

Activity

Tasks

Task
Resource
Rqmts

Task Time
Duration (mins)

23

Reception

Check-In

Check In

Receptionist

1

Wait Room

Registration
Paperwork

Complete
Paperwork

Exam Room

Vitals

Take Vitals

RN

Triangular (1,5,10)

RN Assessment

RN

Triangular (3,5,7)

Chart Review
in workroom

DR

10

Medication
Review
Provider/Patient
Q/A
Assessment

DR

Uniform (10,15)

DR

Triangular (20,25,30)

DR

Triangular (10,15,20)

Exam Room

24

DR
Assessment
New Patient

10

Reception

Check-Out

Check Out

Receptionist

Triangular (3,5,7)

Reception

Check-In

Check In

Receptionist

4

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

RN

Triangular (1,5,10)

RN Assessment

RN

Triangular (3,5,7)

Medication
Review
Provider/Patient
Q/A
Assessment

DR

Normal (15,2)

DR

Triangular (2,5,7)

DR

Uniform (10,15)

Exam Room

Procedure
Room

DR
Assessment

Procedure E

Order Delay
(50%)
RN Gathers
Supplies
DR Preparation
Procedure
Performed
Clean Up

Exam Room

Recovery

Procedure
Room

Procedure C

Reception

Check-Out

Exponential (7)

15
RN

Uniform (5,10)

DR

Exponential (20)

DR

Triangular (10,15,20)

RN

Normal (20,1)

Patient
Recovery
Preparation

Uniform (10,30)
PA

20

Surgery

DR & PA

Triangular (20,30,40)

Clean Up

RN

10

Check Out

Receptionist

Triangular (3,5,7)
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A.1 Continued
Patient
Task Type

Location

Activity

Tasks

Task
Resource
Rqmts

Task Time
Duration (mins)

25

Reception

Check-In

Check In

Receptionist

Uniform (2,5)

Wait Room

Registration
Paperwork

Complete
Paperwork

Exam Room

PA
Assessment

Medication
Review
Provider/Patient
Q/A
Assessment

PA

Triangular (3,5,7)

PA

Exponential (5)

PA

Uniform (5,10)

26

27

Exponential (5)

Reception

Check-Out

Check Out

Receptionist

Triangular (1,2,3)

Reception

Check-In

Check In

Receptionist

Uniform (1,5)

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

PA

Triangular (1,5,10)

PA Assessment

PA

Triangular (3,5,7)

Exponential (7)

Reception

Check-Out

Check Out

Receptionist

Triangular (1,2,3)

Reception

Check-In

Check In

Receptionist

Uniform (1,5)

Wait Room

Registration
Paperwork

Complete
Paperwork

Vitals Station

Vitals

Take Vitals

PA

Triangular (5,15,20)

PA Assessment

PA

Triangular (10,12,15))

Check Out

Receptionist

Triangular (1,2,3)

Reception

Check-Out

Exponential (7)
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A.2 Value Added Summary Statistics from General Experiment preliminary
analysis
This appendix contains the summary statistics for the value-added ratio measured in the low and
high complexity general clinics for the preliminary analysis.

Table A.2.1: The summary statistics for the value-added metric from the low complexity general
clinic preliminary analysis.

Summary Report for Low Complexity VA Ratio
Anderson-Darling Normality Test
A-Squared
P-Value
Mean
StDev
Variance
Skewness
Kurtosis
N
Minimum
1st Quartile
Median
3rd Quartile
Maximum

1.99
<0.005
0.74359
0.14934
0.02230
-0.784855
-0.667010
45
0.42570
0.63528
0.79471
0.87771
0.89705

95% Confidence Interval for Mean
0.5

0.6

0.7

0.8

0.9

0.69873

0.78846

95% Confidence Interval for Median
0.71926

0.84677

95% Confidence Interval for StDev
0.12363

0.18865

95% Confidence Intervals
Mean

Median
0.700

0.725

0.750

0.775

0.800

0.825

0.850
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Table A.2.2: The summary statistics for the value-added metric from the high complexity general
clinic preliminary analysis.

Summary Report for High Complexity VA Ratio
Anderson-Darling Normality Test
A-Squared
P-Value

5.21
<0.005

Mean
StDev
Variance
Skewness
Kurtosis
N

0.78929
0.09868
0.00974
-1.40952
0.91371
60

Minimum
1st Quartile
Median
3rd Quartile
Maximum

0.51186
0.75408
0.83799
0.85965
0.87064

95% Confidence Interval for Mean
0.56

0.64

0.72

0.80

0.76380

0.88

0.81478

95% Confidence Interval for Median
0.80537

0.85341

95% Confidence Interval for StDev
0.08364

0.12035

95% Confidence Intervals
Mean

Median
0.76

0.78

0.80

0.82

0.84

0.86
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A.3 High Complexity Low Volume Patient Mix Analysis Results
This appendix contains the complete details of the high complexity low volume patient mix
experiment.
Scenario1 Scenario2 Scenario3 Scenario4
Mix1
3.7%
10.0%
0.0%
1.0%
Mix2
3.7%
10.0%
0.0%
1.0%
Mix3
3.7%
10.0%
0.0%
1.0%
Mix4
3.7%
10.0%
0.0%
5.0%
Mix5
3.7%
10.0%
0.0%
5.0%
Mix6
3.7%
10.0%
0.0%
5.0%
Mix7
3.7%
10.0%
0.0%
5.0%
Mix8
3.7%
10.0%
0.0%
5.0%
Mix9
3.7%
10.0%
0.0%
1.0%
Mix10
3.7%
10.0%
0.0%
1.0%
Mix11
3.7%
0.0%
10.0%
15.0%
Mix12
3.7%
0.0%
10.0%
5.0%
Mix13
3.7%
0.0%
10.0%
1.0%
Mix14
3.7%
0.0%
10.0%
1.0%
Mix15
3.7%
0.0%
10.0%
1.0%
Mix16
3.7%
0.0%
10.0%
5.0%
Mix17
3.7%
0.0%
10.0%
5.0%
Mix18
3.7%
0.0%
10.0%
1.0%
Mix19
3.7%
0.0%
10.0%
1.0%
Mix20
3.7%
0.0%
10.0%
5.0%
Mix21
3.7%
0.0%
0.0%
2.0%
Mix22
3.7%
0.0%
0.0%
2.0%
Mix23
3.7%
0.0%
0.0%
2.0%
Mix24
3.7%
0.0%
0.0%
2.0%
Mix25
3.7%
0.0%
0.0%
2.0%
Mix26
3.7%
0.0%
0.0%
10.0%
Mix27
3.7%
0.0%
0.0%
10.0%
22.16
18.27
21.29
22.19
Throughput
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Appendix B: BMT Clinic Data
The data for the BMT Clinic model is provided in this appendix.

B.1 BMT Clinic Patient Type and Routing Data
This appendix contains the complete list of patient types in the BMT clinic along with their
sequences, activities, and time durations.
Task Type

Task Type

Task

Allo Estab

Allo Estab

Nurse Visit

Simulation Input

Check In

Time
Estimate
(minutes)
1-5

Allo Estab

Vitals

2-4

Random.Uniform(2,4)

Allo Estab

RN Assmt

<15

Random.Uniform(5,15)

Allo Estab

Chart Review

1-5

Random.Uniform(1,5)

Allo Estab

RN &APP Handoff

<5

Random.Uniform(1,5)

Allo Estab

APP Assmt

15

15

Allo Estab

APP&DR Handoff

10

10

Allo Estab

DR Assmt

20

20

Allo Estab

10

10

Allo Estab

Possible Order Delay
(for Infus.)
Infusion Setup

2-5

Random.Uniform(2,5)

Allo Estab

Infusion

20

20

Allo Estab

10

10

Allo Estab

Possible Order Delay
(for inject)
Infusion Cleanup

1-2

2

Allo Estab

Injection Setup

2-5

Random.Uniform(2,5)

Allo Estab

Injection

5

5

Allo Estab

Injection Cleanup

1-2

2

Nurse Visit

Check In

1-5

Random.Uniform(1,5)

Nurse Visit

Vitals

2-4

Random.Uniform(2,4)

Nurse Visit

RN Assmt

15

15

Nurse Visit

Chart Review

1-5

Random.Uniform(1,5)

Nurse Visit

Infusion Setup

2-5

Random.Uniform(2,5)

Nurse Visit

Infusion

20

30

Nurse Visit

Infusion Cleanup

5

2

Nurse Visit

Injection Setup

2-5

Random.Uniform(2,5)

Nurse Visit

Injection

1-5

Random.Uniform(1,5)

Nurse Visit

Injection Cleanup

1-2

2

Nurse Visit

Order Writing Delay

15

10

Prob.
Estimates

Random.Uniform(1,5)

30%

30%

50%
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B.1 Continued
Task Type

Task Type

Task

New
Patient

New Patient

Auto Estab

Simulation Input

Check In

Time
Estimate
(minutes)
30

New Patient

Vitals

2-4

Random.Uniform(2,4)

New Patient

RN Assmt

<15

Random.Uniform(5,15)

New Patient

Chart Review

10-20

Random.Uniform(10,20)

New Patient

RN&APP Handoff

5

5

New Patient

Social Worker

30

30

New Patient

APP Assmt

20

20

New Patient

APP&DR Handoff

15

15

New Patient

DR Assmt

20-30

Random.Uniform(20,30)

Auto Estab

Check In

1-5

Random.Uniform(1,5)

Auto Estab

Vitals

2-4

Random.Uniform(2,4)

Auto Estab

Chart Review

1-5

Random.Uniform(1,5)

Auto Estab

RN Assmt

<15

Random.Uniform(5,15)

Auto Estab

RN &APP Handoff

<5

Random.Uniform(1,5)

Auto Estab

APP Assmt

15

15

Auto Estab

APP&DR Handoff

15

15

Auto Estab

DR Assmt

15

15

Auto Estab

Order Writing Delay

15

15

Auto Estab

Need
Infusion/Injection

Auto Estab

Infusion Setup

2-5

Random.Uniform(2,5)

Auto Estab

Infusion

10-30

Random.Uniform(10,30)

Auto Estab

Infusion Cleanup

1-2

2

Auto Estab

Injection Setup

2-5

Random.Uniform(2,5)

Auto Estab

Injection

5

5

Auto Estab

Injection Cleanup

1-2

2

Prob.
Estimates

30

50%
33% need
infusion,
33% need
injection,
33%
nothing
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B.1 Continued
Task Type

Task Type

Task

BMT
Mobilization

BMT
Mobilization
BMT
Mobilization
BMT
Mobilization
BMT
Mobilization

BMT
Vaccination

Pre-BMT
Follow Up

Simulation Input

Check In

Time
Estimate
(minutes)
1-5

Vitals

2-4

Random.Uniform(2,4)

Chart Review

1-5

Random.Uniform(1,5)

RN Assmt*

15

15

BMT
Mobilization
BMT
Mobilization
BMT
Mobilization
BMT
Mobilization
BMT
Mobilization
BMT
Vaccination
BMT
Vaccination
BMT
Vaccination
BMT
Vaccination
BMT
Vaccination
BMT
Vaccination
BMT
Vaccination
BMT
Vaccination
BMT
Vaccination
Pre-BMT F/U

Order Writing
Delay
Injection Setup

15

15

2-5

Random.Uniform(2,5)

Injection

10

10

Monitoring post
infusion
Infusion
Cleanup
Check In

50

50

5

2

1-5

Random.Uniform(1,5)

Vitals

2-4

Random.Uniform(2,4)

Chart Review

1-5

Random.Uniform(1,5)

RN Assmt

15

15

Possible Order
Delay
Vaccination
Setup
Vaccination

15

50%

1-2

Random.Uniform(1,2)

30

30

Cleanup

5

5

RN Charting

5

5

Check In

1-5

Random.Uniform(1,5)

Pre-BMT F/U

Vitals

2-4

Random.Uniform(2,4)

Pre-BMT F/U

RN Assmt

<15

Random.Uniform(5,15)

Pre-BMT F/U

Chart Review

1-5

Random.Uniform(1,5)

Pre-BMT F/U

RN&APP
Handoff
APP Assmt

5

5

15

15

APP&DR
Handoff
DR Assmt

15

15

15

15

Pre-BMT F/U
Pre-BMT F/U
Pre-BMT F/U

Prob.
Estimates

Random.Uniform(1,5)

0%

50%

.
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B.1 Continued
Task Type

Task Type

Task

Simulation Input

Check In

Time
Estimate
(minutes)
1-5

Annual Visit

Annual Visit
Annual Visit

Vitals

2-4

Random.Uniform(2,4)

Annual Visit

Chart Review

1-5

Random.Uniform(1,5)

Annual Visit

RN Assmt

<15

Random.Uniform(5,15)

Annual Visit

RN&APP
Handoff
APP Assmt

5

5

15-30

Random.Uniform(15,30)

Annual Visit
Annual Visit
Annual Visit

Random.Uniform(1,5)

50%
15

15

1-2

Random.Uniform(1,2)

5

5

Annual Visit

Infusion/Injecti
on
Cleanup

5

5

BMT Biopsy

Check In

1-5

Random.Uniform(1,5)

BMT Biopsy

Vitals

2-4

Random.Uniform(2,4)

BMT Biopsy

Chart Review

1-5

Random.Uniform(1,5)

BMT Biopsy

RN Assmt

<15

Random.Uniform(5,15)

BMT Biopsy

RN&APP
Handoff
APP Assmt

5

5

15

15

APP&DR
Handoff
Biopsy
Preparation
Biopsy

15

15

15

15

30

30

Biopsy
Recovery
Order Writing
Delay

10-30

Random.Uniform(10,30)

15

15

Annual Visit
Annual Visit

BMT Biopsy

Possible
Vaccination
Order Writing
Delay
Setup Time

BMT Biopsy
BMT Biopsy
BMT Biopsy
BMT Biopsy

BMT Biopsy
BMT Biopsy

Prob.
Estimates

performed by
HCA
Need to
incorporate a
recovery period
for patient

50%
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B.1 Continued
Task Type

Task Type

Task

BMT Allo 1st
Discharge

BMT Allo
1st
Discharge
BMT Allo
1st
Discharge
BMT Allo
1st
Discharge
BMT Allo
1st
Discharge
BMT Allo
1st
Discharge
BMT Allo
1st
Discharge
BMT Allo
1st
Discharge
BMT Allo
1st
Discharge
BMT Auto
1st
Discharge
BMT Auto
1st
Discharge
BMT Auto
1st
Discharge
BMT Auto
1st
Discharge
BMT Auto
1st
Discharge
BMT Auto
1st
Discharge
BMT Auto
1st
Discharge
BMT Auto
1st
Discharge

BMT Auto 1st
Discharge

Simulation Input

Check In

Time
Estimate
(minutes)
1-5

Vitals

2-4

Random.Uniform(2,4)

Chart Review

1-5

Random.Uniform(1,5)

RN Assmt

30-40

Random.Uniform(30,40)

RN &APP
Handoff

5

5

APP Assmt

20

20

APP&DR Handoff

10

10

DR Assmt

15

15

Check In

1-5

Random.Uniform(1,5)

Vitals

2-4

Random.Uniform(2,4)

Chart Review

1-5

Random.Uniform(1,5)

RN Assmt

15-20

Random.Uniform(15,20)

RN &APP
Handoff

5

5

APP Assmt

15

15

APP&DR Handoff

10

DR Assmt

15

Prob. Estimates

Random.Uniform(1,5)
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B.1 Continued
Task Type

BMT Bone
Marrow IVCS

Task Type

Task

Time
Estimate
(minutes)

Simulation Input

BM IVCS

Check In

1-5

Random.Uniform(1,5)

BM IVCS

Vitals

2-4

Random.Uniform(2,4)

BM IVCS

Chart Review

10-20

BM IVCS
BM IVCS

RN Assmt
RN&APP Handoff

15
5

Random.Uniform(10,
20)
15
5

BM IVCS

APP Assmt

15

15

BM IVCS

Biopsy Preparation

20

20

BM IVCS

Biopsy

30

30

BM IVCS

Biopsy Recovery

20-40

Random.Uniform(20,
40)

Dietary Consult

Dietary Consult

Dietary Consult

30

30

BMT Donor
Eval

BMT Donor Eval

Check In

1-5

Random.Uniform(1,5)

BMT Donor Eval

Vitals

2-4

Random.Uniform(2,4)

BMT Donor Eval

Chart Review

10-20

BMT Donor Eval

RN Assmt

15

Random.Uniform(10,
20)
15

BMT Donor Eval

RN &APP Handoff

5

5

BMT Donor Eval

APP Assmt

15

15

BMT Donor Eval

APP&DR Handoff

10

10

BMT Donor Eval

DR Assmt

15

15

DLI

Check In

1-5

Random.Uniform(1,5)

DLI

Vitals

2-4

Random.Uniform(2,4)

DLI

Chart Review

10-20

DLI

RN Assmt

15

Random.Uniform(10,
20)
15

DLI

RN &APP Handoff

5

5

DLI

APP Assmt

15

15

DLI

APP&DR Handoff

10

10

DLI

DR Assmt

15

15

DLI

PreInfusion Setup

5

5

DLI

Product Sign Off

5

5

DLI

Infusion

10-15

DLI

Monitoring post
infusion

120

Random.Uniform(10,
15)
120

BMT Donor
Lymphocytes
(DLI) Infusion

Prob.
Estimates
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B.1 Continued
Task Type

Task Type

Task

Simulation Input

Check In

Time
Estimate
(minutes)
1-5

BMT Infusion

BMT Infusion
BMT Infusion

Vitals

2-4

Random.Uniform(2,4)

BMT Infusion

RN Assmt

10

10

BMT Infusion

Chart Review

1-5

Random.Uniform(1,5)

BMT Infusion

Infusion Setup

2-5

Random.Uniform(2,5)

BMT Infusion

Infusion

20

20

BMT Infusion

Infusion
Cleanup
Labs/Line
Draw

1-2

2

15

15

Random.Uniform(1,5)

BMT
Labs/Line
Draw
BMT Line
Placement

Labs/Line
Draw
Line
Placement

RN Assmt

15

15

BMT Line
Removal

Line Removal

Check In

1-5

Random.Uniform(1,5)

Line Removal

Vitals

2-4

Random.Uniform(2,4)

Line Removal

RN Assmt

5

5

Line Removal

APP Removes
Line

2-4

Random.Uniform(2,4)

Line Removal

Patient
Monitoring
Possible RN
review

10-15

Random.Uniform(10,15)

1-2

Random.Uniform(1,2)

Line Removal

Prob. Estimates

Does the APP
review their chart
before the infusion?

Depends on the
number of labs
being drawn
If line placement is
occurring as a result
of pre-admit,
providers also
assess.

Patient monitor by
nursing for
approximately 15
minutes
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B.1 Continued
Task Type

Task Type

Task

Simulation Input

Check In

Time
Estimate
(minutes)
1-5

BMT New
Donor

New Donor
New Donor

Vitals

2-4

Random.Uniform(2,4)

New Donor

RN Assmt

15

15

New Donor

Chart Review

10-20

Random.Uniform(10,20)

New Donor

RN &APP
Handoff
APP Assmt

5

5

15

15

APP&DR
Handoff
DR Assmt

5

5

15

15

Non BMT
Patient Eval

Check In

1-5

Random.Uniform(1,5)

Non BMT
Patient Eval

Vitals

2-4

Random.Uniform(2,4)

Non BMT
Patient Eval

RN Assmt

<15

Random.Uniform(5,15)

Non BMT
Patient Eval

Chart Review

10-20

Random.Uniform(10,20)

Non BMT
Patient Eval

RN &APP
Handoff

5

5

Non BMT
Patient Eval

APP Assmt

20

20

Non BMT
Patient Eval

APP&DR
Handoff

15

15

Non BMT
Patient Eval

DR Assmt

20

20

New Donor
New Donor
New Donor
BMT Non
BMT Patient
Eval

Prob. Estimates

Random.Uniform(1,5)
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B.1 Continued
Task Type

Task Type

Task

BMT Pre
Admit Line
Placement

Pre-Admit
Line
Placement
Pre-Admit
Line Place

Admitted
Patient

Simulation Input

Check In

Time
Estimate
(minutes)
1-5

Vitals

2-4

Random.Uniform(2,4)

Pre-Admit
Line Place

RN Assmt

<15

15

Pre-Admit
Line Place

Chart Review

1-5

Random.Uniform(1,5)

Pre-Admit
Line Place

RN &APP
Handoff

10

10

Pre-Admit
Line Place

APP Assmt

15

15

Pre-Admit
Line Place

APP&DR Handoff

15

15

Pre-Admit
Line Place

DR Assmt

15

15

Admitted
Patient

Percent of total
patients that are
admitted
Time to admit

Prob. Estimates

Random.Uniform(1,5)

1%

Mean 8 hours, Standard
Deviation 20min
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B.2 BMT Clinic yearly volume by patient task type
This appendix contains the provided yearly (2016) demand data for each patient type in the BMT
clinic.
Task/Visit Type
BMT Allo Established Patient
BMT Nurse Visit
BMT Mobilization
BMT Auto Established Patient
BMT Vaccination
Pre BMT-Follow Up Pt. Eval
BMT Bone Marrow Biopsy
BMT Annual Clinic:
BMT New Patient
BMT Pre Admit Line Placement
BMT Social Work Consult
BMT Infusion
BMT Dietary Consult
BMT Pre Transplant Family Conference
BMT Bone Marrow Biopsy IVCS
BMT Line Placement
BMT Pentamidine
BMT Line Removal
BMT Labs/Line Draw
BMT Auto 1st Discharge
BMT Allo 1st Discharge
BMT Transplant Coordinator Consult
BMT New Donor
BMT New Patient Post IA consult (no
reg)
BMT Non BMT Patient Eval
BMT Donor Eval
BMT Donor Lymphocytes (DLI)
Infusion
GRAND TOTAL:

2016 Yearly
Volume
2942
2354
706
502
467
368
265
238
219
180
168
164
160
149
129
117
115
105
99
82
77
50
49

Percentage
29.76%
23.81%
7.14%
5.08%
4.72%
3.72%
2.68%
2.41%
2.22%
1.82%
1.70%
1.66%
1.62%
1.51%
1.30%
1.18%
1.16%
1.06%
1.00%
0.83%
0.78%
0.51%
0.50%

36

0.36%

6
5

0.06%
0.05%

4

0.04%

9886
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B.3 Clinic Trial 1 Verification and Validation Appointments
This appendix contains the patient schedule used for trial 1 of the validation for the BMT clinic
model.
Patient
Name:
Patient #2

Patient #1
Patient #6
Patient #3
Patient #7
Patient #11
Patient #9
Patient #8
Patient #15
Patient #12
Patient #17
Patient #14
Patient #13
Patient #5
Patient #4
Patient #16
Patient #25
Patient #27
Patient #18
Patient #21
Patient #19
Patient #22
Patient #26
Patient #10
Patient #24
Patient #28
Patient #23
Patient #31
Patient #29
Patient #30
Patient #20

Visit Type (s):
Labs/Line Draw & GCSF
Dietary Consult
Line placement
BMT Nurse
BMT Vaccinations
BMT Nurse & Line removal
BMT Annual
BMT Vaccinations
BMT Allo
BMT ALLO 1st Discharge
BMT Nurse Visit
Dietary Consult
BMT Nurse
BMT Allo
BMT Auto
BMT Allo & BMT Infusion
BMT Infusion
BMT Nurse Visit
ACT Nurse
BMT Nurse
BMT New Patient
Social Work Consult
ACT f/u Consult
BMT Auto
BMT Nurse
BMT Allo & BMT Infusion
BMT Annual Clinic
Social Work Consult
BMT Nurse (ADD ON)
BMT Vaccinations
BMT Vaccinations
BMT Mobilization
BMT Lab work and BMT infusion

Checked
Checked In: Out:
6:52:00 AM
7:37:00 AM
7:37:00 AM
8:32:00 AM
8:32:00 AM
8:33:00 AM
6:43:00 AM
8:55:00 AM
8:29:00 AM
9:27:00 AM
7:35:00 AM
9:46:00 AM
8:43:00 AM
9:55:00 AM
9:26:00 AM
10:27:00 AM
9:02:00 AM
11:07:00 AM
8:56:00 AM
11:09:00 AM
10:09:00 AM 11:14:00 AM
9:50:00 AM
11:28:00 AM
10:54:00 AM 11:35:00 AM
10:06:00 AM
12:06:00 PM
9:54:00 AM
12:21:00 PM
8:26:00 AM
12:22:00 PM
8:24:00 AM
12:45:00 PM
10:26:00 AM
12:53:00 PM
12:42:00 PM
1:51:00 PM
12:48:00 PM
1:52:00 PM
11:16:00 AM
2:07:00 PM
12:02:00 PM
2:16:00 PM
11:24:00 AM
2:20:00 PM
12:24:00 PM
2:27:00 PM
12:47:00 PM
2:33:00 PM
9:17:00 AM
2:41:00 PM
12:37:00 PM
2:45:00 PM
1:15:00 PM
3:20:00 PM
12:31:00 PM
3:28:00 PM
2:36:00 PM
3:40:00 PM
2:29:00 PM
3:57:00 PM
2:20:00 PM
5:32:00 PM
11:34:00 AM
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B.4 Clinic Trial 2 Verification and Validation Appointments
This appendix contains the patient schedule used for trial 2 of the validation for the BMT clinic
model.
Patient Name:
Patient #1
Patient #4
Patient #9
Patient #8
Patient #12
Patient #7
Patient #5
Patient #6
Patient #11
Patient #15
Patient #10
Patient #2
Patient #13
Patient #17
Patient #19
Patient #21
Patient #20
Patient #27
Patient #18
Patient #3
Patient #16
Patient #24
Patient #22
Patient #30
Patient #29
Patient #25
Patient #26
Patient#33
Patient #35
Patient #32
Patient #14
Patient #31
Patient#34
Patient #23

Visit Type (s):
BMT Pre BMT F/U
BMT Allo
BMT Nurse
BMT Nurse
BMT Pre Admit / Line Placement
BMT Pre BMT F/U
BMT Allo
BMT lab draw in clinic/ BMT Allo
ACT F/U consult
BMT Mobilization
ACT NEW
BMT Bone Marrow Biopsy IVCS
BMT Allo
BMT Allo
BMT Pre BMT F/U
ACT pre-Admit & Line Placement
BMT Allo
BMT lab draw in clinic
BMT Pre BMT F/U
BMT Allo
BMT New
BMT Pre BMT F/U
BMT Allo
ACT pre-Admit & Line Placement
BMT Pre BMT F/U
BMT Social work
BMT Allo
BMT Allo
BMT Allo
BMT Pre BMT F/U
BMT Auto 1st Discharge
BMT Infusion
BMT New
ACT F/U consult
BMT Infusion

Checked In:
6:45:00 AM
7:25:00 AM
8:10:00 AM
8:09:00 AM
8:56:00 AM
7:46:00 AM
7:32:00 AM
7:35:00 AM
8:48:00 AM
9:30:00 AM
8:39:00 AM
7:08:00 AM
9:10:00 AM
9:46:00 AM
10:05:00 AM
10:38:00 AM
10:13:00 AM
11:52:00 AM
9:50:00 AM
7:22:00 AM
9:42:00 AM
11:33:00 AM
10:42:00 AM
12:40:00 PM
12:20:00 PM
12:10:00 PM
11:38:00 AM
11:52:00 AM
12:56:00 PM
1:06:00 PM
12:53:00 PM
9:19:00 AM
12:48:00 PM
12:59:00 PM
11:17:00 AM

Checked Out:
8:36:00 AM
9:16:00 AM
9:20:00 AM
9:46:00 AM
9:47:00 AM
9:57:00 AM
10:23:00 AM
10:30:00 AM
10:31:00 AM
10:33:00 AM
11:06:00 AM
11:12:00 AM
11:20:00 AM
11:20:00 AM
11:37:00 AM
11:45:00 AM
12:05:00 PM
12:10:00 PM
12:30:00 PM
12:35:00 PM
12:41:00 PM
1:13:00 PM
1:36:00 PM
1:55:00 PM
1:56:00 PM
2:13:00 PM
2:18:00 PM
2:34:00 PM
2:34:00 PM
2:35:00 PM
2:57:00 PM
3:00:00 PM
3:49:00 PM
3:56:00 PM
3:58:00 PM
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Patient #39
Patient #36
Patient #37
Patient #38
Patient #28

ACT F/U consult
BMT Pre BMT F/U
BMT AUTO
ACT F/U Consult
BMT Infusion & BMT Allo

2:51:00 PM
1:37:00 PM
2:26:00 PM
2:44:00 PM
12:15:00 PM

4:00:00 PM
4:18:00 PM
4:35:00 PM
4:37:00 PM
5:58:00 PM

B.5 Graphical Summary for Run Length for Validation Trials
This appendix contains the summary statistics for the two run lengths obtained during the BMT
clinic validation.
Table B.5.1: The summary statistics for trial 1 run length results in the BMT clinic validation.

Summary Report for Validation Trial 1 Run Length
Anderson-Darling Normality Test
A-Squared
P-Value
Mean
StDev
Variance
Skewness
Kurtosis
N
Minimum
1st Quartile
Median
3rd Quartile
Maximum

0.37
0.428
10.589
0.167
0.028
0.421221
0.070208
100
10.248
10.462
10.565
10.711
11.067

95% Confidence Interval for Mean
10.35

10.50

10.65

10.80

10.556

10.95

10.622

95% Confidence Interval for Median
10.550

10.614

95% Confidence Interval for StDev
0.146

0.194

95% Confidence Intervals
Mean

Median
10.54

10.56

10.58

10.60

10.62
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Table B.5.2: The summary statistics for trial 2 run length results in the BMT clinic validation.

Summary Report for Validation Trial 2 Run Length
Anderson-Darling Normality Test
A-Squared
P-Value
Mean
StDev
Variance
Skewness
Kurtosis
N
Minimum
1st Quartile
Median
3rd Quartile
Maximum

0.46
0.263
11.351
0.351
0.123
0.592156
0.593703
100
10.692
11.108
11.330
11.526
12.492

95% Confidence Interval for Mean
10.8

11.1

11.4

11.7

12.0

12.3

11.281

11.421

95% Confidence Interval for Median
11.264

11.416

95% Confidence Interval for StDev
0.308

0.408

95% Confidence Intervals
Mean

Median
11.25

11.30

11.35

11.40
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B.6 BMT Clinic Experiment 2 Staffing Utilization
This appendix contains the staffing utilization for the second BMT clinic experiment.
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B.7 BMT Clinic Experiment 4 Room Configuration Utilizations
This appendix contains the room utilizations for the fourth BMT clinic experiment.
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